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Foreword 


Exploiution  of  the  ocean  floor  for  commercial  or  military  use  requires  not  only  Remotely  Oper¬ 
ated  Vehicles  (ROVs),  Autonomous  Underwater  Vehicles  (AUVs),  submersibles,  and  diving  systems; 
it  also  requires  1-atmosphere  enclosures  permanently— or  semipermanently— affixed  to  the  ocean  floor. 
These  1-atmosphere  enclosures  would  serve  as  habitats  for  the  crews,  covers  for  mine  shafts,  and 
pressure-resistant  buildings  for  ore  or  food-processing  plants.  Bottom-motinted  pressure-resistant 
enclosures  must  be  negatively  buoyant,  instead  of  positively  buoyant  (as  they  are  with  pressure  hulls 
for  submersibles).  This  allows  them  to  be  constructed  from  inexpensive  materiak  with  low  specihc 
compressive  strength. 

The  primary  choice  for  such  applications  is  Portland  cement  concrete,  since  it  is  inexpensive,  can 
be  cast  in  situ,  does  not  deteriorate  under  long-term  immersion,  and  has  a  fair  specific  compressive 
strength.  In  fact,  its  specific  compressive  strength  is  high  enough  to  qualify  the  material  as  a  viable 
candidate  for  use  in  constructing  large  submarine  oil  tankers  that  require  pressure  hulls  with  only  mar¬ 
ginal  positive  buoyancy. 

Since  concrete  has  not  previously  been  used  for  constructing  pressure-resistant  shells  for  ocean 
engineering  structures,  there  was  a  total  absence  of  engmeering  dau  on  which  to  base  the  design  of 
any  pressure-resistant  concrete  housings  for  U.S.  Navy  applications.  To  make  up  for  this  deficiency, 
the  U.S.  Navy  initiated  a  research  program  whose  objective  was  to  generate  sufficient  data  to  enable 
formulation  of  design  criteria  to  construct  concrete  pressure  housings.  The  principal  investigators  were 
Dr.  Stachiw,  and  Messrs.  Haynes,  Albertsen,  Kahn,  Highberg,  and  Hoofnagle.  The  reports  these 
investigators  produced  effectively  summarize  the  scope  and  results  of  the  research  program. 

The  results  of  the  program  were  sufficiently  encouraging  and  comprehensive  to  allow  formulation 
of  design  criteria  for  use  by  U.S.  Navy  engineers.  The  performance  of  model  scale  concrete  housings 
employed  in  the  research  program  provided  the  data  to  use  for  confidently  designing  full-scale 
pressure-resistant  concrete  enclosures  with  an  infinite  lifetime. 


Volume  IX  is  a  compilation  of  reports  that  summarize  the  studies  on  IS-inch  diameter  spherical 
test  specimens  to  experimentally  evaluate  the  effect  of  wall  thickness,  impregnation,  reinforcement 
techniques,  and  penetrations  on  critical  pressure,  creep,  and  permeability. 


Volume  X  is  a  compilation  of  reports  that  summarize  the  studies  on  (1)  IS-inch  diameter  cylin¬ 
ders  and  (2)  66-inch  diameter  spheres  under  short-term  and  long-term  loading.  This  volume  also 
contains  the  design  criteria  and  recommendations  formulated  at  the  conclusion  of  the  research 
program  on  concrete  external-pressure  housings. 
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ABSTRACT- 

Sixteen  unreinforced,  cylindrical  concrete  hull  models  of  16-inch 
outside  diameter  were  subjected  to  external  hydrostatic  loading  to  deter¬ 
mine  the  effect  of  concrete  strength  and  wall  thickness  on  implosion  and 
strain  behavior.  The  test  results  showed  that  an  increase  in  concrete  strength 
of  70%  produced  an  average  increase  in  implosion  pressure  of  87%,  while 
increases  in  hull  wall  thickness  by  factors  of  2  and  6  produced  increases  in 
implosion  pressure  by  factors  of  approximately  2  and  1 1 ,  respectively. 
Changes  in  concrete  strength  had  little  effect  on  strain  behavior;  however, 
strain  magnitudes  generally  increased  with  increasing  wall  thickness  when 
comparisons  were  made  at  a  constant  percentage  of  Pj^.  Design  recom¬ 
mendations  are  presented  to  aid  in  the  design  of  cylindrical  concrete  hulls 
for  underwater  use. 
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INTRODUCTION 


Previous  studies^'®  conducted  at  the  Naval  Civil  Engineering 
Laboratory  (NCEL)  have  shown  that  concrete  is  an  effective  construction 
material  for  undersea  pressure-resistant  structures.  Experiments  on  concrete 
cylindrical  hulls®’ ^  with  16-inch  outside  diameters,  2-inch-thick  walls,  and 
8-  to  128-inch  lengths  have  established  the  influence  of  the  length-to-outside- 
diameter,  L/D^,  ratio  and  the  end-closure  stiffness  on  implosion  pressure, 
strain  magnitude,  and  strain  distribution.  Figure  1  shows  that  the  thick  wall 
theory  based  on  Lame's  equation  conservatively  predicts  implosion  pressure 
for  cylindrical  concrete  hulls  with  a  wall-thickness-to-outside-diameter,  t/D^, 
ratio  of  0.125  and  L/D^  ratios  from  0  to  8.  The  strain  and  implosion  data 
for  these  hulls  indicate  that  the  effects  of  hemispherical  concrete  end-closures 
are  minimal  at  a  distance  >  1  diameter  from  the  edge  of  the  cylinder,  and, 
thus,  cylinders  with  L/D^  ratios  greater  than  2  can  be  considered  to  be  infi¬ 
nitely  long.  Variations  in  end-closure  stiffness  did  not  cause  a  reduction  in 
the  implosion  pressure  of  cylindrical  concrete  hulls  below  values  predicted 
by  Lame  s  equation;  however,  rigid  end-closures  produced  high  shear  strains 
near  the  closure  which  would  be  undesirable  for  structures  subjected  to  long¬ 
term  submergence. 

The  objective  of  this  study  was  to  determine  experimentally  the 
relationship  between  implosion  pressure,  concrete  strength,  wall  thickness, 
strain  distribution,  and  strain  magnitude  in  cylindrical  concrete  hulls  subjected 
to  external  hydrostatic  loading. 

Data  from  this  experimental  study  were  used  to  develop  design 
guidelines  so  that  safe  and  economical  pressure-resistant  cylindrical  concrete 
structures  can  be  designed  for  underwater  applications. 


EXPERIMENTAL  PROGRAM 
Experiment  Design 

Sixteen  concrete  cylindrical  hulls  having  four  different  wall 
thicknesses  and  two  concrete  strengths  were  tested  to  implosion  under 
short-term  hydrostatic  loading.  The  hulls  had  wall  thicknesses  of  1/2,  1 , 
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2,  and  3  inches  (Figure  2)  which  correspond  to  t/D^,  ratios  of  0.0312,  0.0625, 
0.1250,  and  0.1875.  All  cylinders  were  16  inches  in  outside  diameter  and  64 
inches  long;  each  had  hemispherical  concrete  end-closures  of  the  same  wall 
thickness  as  the  cylinder.  Two  hulls  of  each  wall  thickness  were  made  of  con¬ 
crete  with  a  uniaxial  compressive  strength,  f',  of  approximately  6,000  psi 
and  two  of  approximately  10,000  psi.  One  hull  of  each  concrete  strength 
and  wall  thickness  was  instrumented  with  electrical  resistance  strain  gages. 

A  summary  of  the  design  information  for  the  cylindrical  hulls  is  given  in 
Table  1 . 
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Figure  1 .  Analytical  prediction  of  implosion  pressure  (after  Reference  5). 
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Fabrication  of  Specimens 

All  cylinders  and  hemispherical  end-closures  were  cast  in  rigid  metal 
molds  which  had  been  machined  to  tolerances  of  ±1/32  inch.  The  cylinders 
and  end-closures  were  made  from  a  microconcrete  mix  consisting  of  type  II 
Portland  cement,  San  Gabriel  River  Wash  Aggregate,  and  freshwater.  Con¬ 
crete  strengths  of  approximately  6,000  and  10,000  psi  were  produced  by 
varying  the  water-to-cement  ratio  and  the  cure  procedure.  Table  2  gives  the 
mix  proportions  and  cure  times,  and  Table  3  gives  the  aggregate  proportions 
which  remained  the  same  for  both  mixes. 
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Figure  2.  Cylindrical  test  specimens  with  wall  thicknesses  ranging  from  1/2  inch  to 
3  inches. 


After  moist  curing,  the  cylinders  and  end-closures  were  stored  under 
room  conditions  while  being  prepared  for  test.  Hull  preparation  began  with 
a  light  sandblasting  of  surfaces  to  expose  surface  voids  and  to  remove  laitance. 
Small,  shallow  voids  were  filled  with  a  cement-sand  paste,  while  larger  voids 
were  filled  with  an  epoxy  adhesive.  The  mating  surfaces  of  the  cylinders  and 
end-closures  were  ground  flat  by  rotating  them  on  a  flat  plate  covered  with 
No.  60  Silicon  Carbide  grit.  Next  the  cylinders  and  hemispheres  were  water¬ 
proofed  with  a  clear  epoxy  paint  and  bonded  together  with  an  epoxy  adhesive. 
The  final  step  in  the  specimen  fabrication  was  to  apply  electrical  resistance 
strain  gages.  Figure  3  shows  a  cross  section  of  a  fabricated  cylindrical  hull, 
and  Figure  4  shows  the  strain  gage  layout  for  the  hulls. 

Test  Procedure 

The  cylindrical  hulls  were  tested  in  NCEL's  72-inch  pressure  vessel 
IFigure  5).  The  hulls  were  filled  with  water  and  vented  to  outside  the  pressure 
vessel.  During  a  typical  test,  external  pressure  was  applied  to  the  hull  at  a 
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constant  rate  until  implosion  occurred.  The  pressurization  rate  was  20 
psi/min  for  the  1/2-inch-thick  hulls  and  100  psi/min  for  the  1-,  2-,  and  3-inch- 
thick  hulls.  At  selected  pressure  intervals,  the  strain  gages  were  interrogated 
and  the  change  in  volume  of  the  specimen  was  recorded.  Change  in  volume 
was  measured  by  collecting  the  water  displaced  under  load  from  the  hull's 
interior. 


Taole  1.  Description  of  Cylindrical  Hulls 


(All  cylinders  were  64  inches  long  and  16  inches  in  outside  diameter.) 


Cylinder 

Designation^ 

t/Do 

Ratio 

Wall 

Nominal  Uniaxial 

Strain 

Thickne^ 

lin.l 

CompreiaSive  Strength 
of  Concrete  (psi) 

Gages  on 
Hullfr 

1/2-1 0-G 
1/2-10-N 

0.0312 

0.5 

10,000 

10,000 

1  to  34 

0 

1/2-6-G 

6,u00 

1  to  14 

1/2-6-N 

6,000 

0 

1-10-G 

■  J,000 

1  td  34 

1-10-N 

0.0625 

1.0 

10,000 

0 

1  to  14 

1-6-G 

6,000 

1-6-N 

6,000 

0 

2  10-G 

10,000 

1  to  34 

2-10-N 

0.1250 

2.0 

•0,000 

0 

1  to  14 

2-6-G 

6.000 

2-6-N 

6,000 

0 

3-1 0-G 

10,000 

1  to  34 

310-N 

0.1875 

3.0 

10,000 

0 

3-6-G 

6,000 

1  to  14 

3-6-N 

_ 

6,000 

0 

“r  Designation  system  is  Wall  thickness  (inches) — Nominal  concrete  strength  Iksi) — 
Gagc'd  or  N<  t  gaged  hull. 

^  See  Figure  4  for  location  of  gage-,. 


^  able  2.  Mix  Proportions  and  Cure  T  imes 


Approximate  Uniaxial 
Compressive  Strength 
of  Mix  (psi) 

Water-tO'Cement 
(by  weight)  Ratio 

Aggregate-toCement 
(by  weight)  Ra»io 

Cure  Time  in 
100%  RH  (days) 

Approximate 
Age  at  Test 
(days) 

10,000 

0.56 

3.30 

90 

120 

6,000 


0.65 


3.30 


28 
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Cylinder  Unfolded  to  Show  Strain  Gage  Layout 


Figure  4.  Strain  gage  layout  for  the  cylindrical  hulls. 


Table  3.  Aggregate  Proportions 


Sieve  Size  Designation 

Percent  Retained 

Passing 

Retained 

No.  4 

No.  8 

29.6 

No.  8 

No.  16 

20.8 

No.  16 

No.  30 

14.7 

No.  30 

No,  50 

10.3 

No.  50 

No.  100 

7.3 

No.  100 

pan 

17.3 
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TEST  RESULTS  AND  DISCUSSION 


Mode  of  Failure 

Inspection  of  the  hulls  after  testing  indicated  that  failure  occurred, 
depending  on  wall  thickness,  either  by  compression-induced  shear  or  by 
buckling.  Hulls  with  1-,  2-,  or  3-inch-thick  walls  imploded  when  the  concrete 
failed  in  the  compressive-shear  mode.  The  resulting  shear  plane  could  be 
easily  identified  by  examining  the  specimens  after  test;  a  typical  shear  plane 
IS  shown  in  Figure  6.  The  shear  planes  were  oriented  parallel  to  the  longitu¬ 
dinal  axis  of  the  cylinder  and  formed  an  angle  of  from  20  to  40  degrees  with 
a  tangent  to  the  exterior  surface.  In  most  cases,  the  midlength  of  the  shear 
plane  was  between  16  and  24  inches  from  the  edge  of  the  cylinder  and  coin¬ 
cided  with  the  center  of  the  implosion  hole.  This  failure  mode  is  representative 
of  material  failure. 


Figure  6.  Compressive-shear  failure  of  specimen  3-10-N. 
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The  shear  planes  that  were  evident  in  the  thicker  hulls  were  completely 
absent  from  the  1/2-inch-thick  hulls.  These  hulls  shattered  into  many  pieces 
at  failure  (Figure  7),  which  made  it  impossible  to  locate  the  initial  point  of 
failure.  The  mode  of  failure  for  these  thin  specimens  appeared  to  be  by 
buckling,  because  at  failure  the  maximum  wall  stresses  ranged  from  53  to 
62  percent  of  the  uniaxial  compressive  strength  of  the  concrete  (Table  4). 


Figure?.  Fragments  of  specimen  1/2-10-G. 


Table  4  Implosion  Test  Results 


Soecfmen 

Number 

Wall 

Thickness‘S 

(inj 

Compressive 
Strength  of 
Concrete.^  fr 
fpsit 

Implosion 

Pressure. 

*Psi) 

■ 

Calculated  Interior 
Hoop  Stress  at 
Implosion. 

(psi) 

m 

1/2-ION 

10,700 

376 

0.035 

6,210 

0.58 

1/2-10G 

1/2 

10,900 

349 

0.032 

5,765 

0.53 

1/2-6-N 

6,420 

203 

0.037 

3,355 

0.62 

1/2-6-G 

5,760 

214 

3.535 

0.61 

MO-N 

1,110 

0.104 

9,470 

0.88 

MO-G 

1,103 

0.105 

9,410 

0.90 

1-6-G 

547 

0.083 

4,665 

0.70 

1-6-N 

530 

0.090 

4,520 

0.76 

continued 
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Table  4.  Continued 


Specimen 

Number 

Wall 

Thick  ness** 
(in.) 

Compressive 
Strength  of 
Concrete,^  fc 
(psi) 

Implosion 

Pressure, 

H 

Calculated  Interior 
Hoop  Stress  at 
Implosion,  anr^ax 
(psi) 

2-lO-G 

9.840 

0.237 

10.670 

1.08 

2-10-N 

9950 

0.247 

11920 

1.13 

2-6-N 

6,080 

1,387 

0.228 

6,340 

1.04 

2-6-G 

6,060 

1.447 

0.238 

6.615 

1.09 

3-10-G 

10,350 

3.755 

0.363 

12,315 

1.19 

3-10-M 

10,800 

4,107 

0.380 

13,470 

1.25 

3-6-N 

7,000 

2.405 

0.344 

7,890 

1.13 

3-6.G 

6900 

1980 

0.319 

6,495 

1.05 

Wall  thicknesses  of  1/2,1, 2,  and  3  inches  correspond  to  t/D^  ratios  of  0.0312,  0.0625, 0,1250, 
and  0.1875,  respectively, 

^  Average  of  six  3  x  6-inch  control  cylinders  tested  in  uniaxial  compression  (see  the  Apperxlix). 


No  evidence  was  found  in  the  debris  from  the  tested  specimens  to 
indicate  the  presence  of  m-plane  cracking.  In-plane  cracking  is  the  develop¬ 
ment  of  cracks  parallel  to  the  maximum  principal  stresses  (or  in-the-plane 
of  the  wall)  and  has  been  found  by  other  investigators  working  with  concrete 
spherical^  and  cylindrical®’’’  hulls  under  biaxial  stresses. 

Implosion 

Implosion  performance  was  evaluated  by  comparing  values  for  the 
ratio  of  implosion  pressure  to  concrete  strength,  the  implosion  test 

results  are  presented  in  Table  4.  This  ratio  accounts  for  small  variations  'n 
concrete  strength.  Figure  8  shows  the  best  fit  relationship  between  Pin,/fc 
and  t/Dp  for  the  test  results.  The  empirical  equation  which  defines  the  best 
fit  curve  IS; 


Pim  t 

—  =  2.05  ~  -  0.028  (1) 

’c 

for  0.0312  <  t/Dj,  <  0.1875.  Equation  1  can  be  used  to  predict  the  implosion 
pressure  of  cylindrical  concrete  hulls  under  hydrostatic  loading. 

The  implosion  pressure  for  concrete  cylindrical  hulls  subjected  to 
hydrostatic  loading  can  be  estimated  by  classical  equations.  Lame's  equation 
can  be  used  to  estimate  the  implosion  pressure  of  cylindrical  hulls  which  fail 
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in  the  compressive  shear  mode,  if  failure  is  assumed  to  occur  when  the 
maximum  principal  stress  reaches  the  uniaxial  compressive  strength  of 
the  concrete.®  Lame's  equation  is 


2rl 


(2) 


where  =  implosion  pressure  due  to  compressive  shear  failure  (psi) 

f'  =  uniaxial  compressive  strength  of  concrete  (psi) 
r,  =  exterior  radius  of  hull  (in.) 

Tg  =  interior  radius  of  hull  (in.) 

The  implosion  pressure  of  cylindrical  concrete  hulls  of  finite  length  that  fail 
by  buckling  can  be  estimated  by  Bresse's  equation.''®  The  equation  is. 


Per  = 


2E. 


1  - 


.  (a)' 


(3) 


where  =  implosion  pressure  due  to  buckling  (psi) 

E,  =  secant  modulus  of  elasticity  to  O.b  f’  (psi) 
p  =  Poisson's  ratio  at  0.5  f' 

t  =  wall  thickness  of  the  hull  (in.) 

D  =  mean  hull  diameter  (in.) 

A  graphical  presentation  of  Equations  2  and  3  is  also  given  in  Figure  8. 

Figure  8  shows  that  the  1/2-  and  1 -inch-thick  hulls  (t/D,,  =  0.0312 
and  0.0625)  imploded  at  pressures  lower  than  those  predicted  by  Equation  2, 
while  the  2-  and  3-inch-thick  hulls  (t/D^  =  0.1250  and  0.1875)  imploded  at 
pressures  higher  than  those  predicted  by  Equation  2.  For  the  thinner  hulls, 
structural  instability  kept  the  concrete  from  developing  its  full  compressive 
strength  before  buckling  or  premature  compressive  shear  failure  occurred. 

For  the  thicker  hulls,  the  concrete  in  the  walls  was  under  a  state  of  multi- 
axial  stress  which  permitted  the  concrete  to  resist  stresses  greater  than  the 
uniaxial  strength.  At  implosion,  the  2-  and  3-inch-thick  hulls  experienced 
stresses  that  exceeded  fg  by  4  to  25%  (Table  4). 


buckling  theory. 


Strain 


Figures  9  through  18  show  the  strain  and  radial  displacement  data 
for  the  instrumented  hulls.  These  data  helped  to  define  the  influence  of  wall 
thickness,  concrete  strength,  and  end-closure  effects  on  the  behavior  of  the 
hulls. 

Figures  9  through  12  show  the  exterior  hoop  strain  behavior  for 
specimens  of  each  wall  thickness.  These  figures  indicate  that  the  hulls  reacted 
to  increasing  hydrostatic  pressure  in  approximately  the  same  manner  regardless 
of  concrete  strength.  Within  one  outside  diameter  (16  inches)  from  the  edge 
of  the  cylinder,  large  variations  in  strain  magnitude  were  present;  these  varia¬ 
tions  in  strain  magnitude  increased  with  increased  pressure.  Beyond  16  inches 
the  strain  magnitudes  became  somewhat  uniform.  This  behavior  was  caused 
by  the  stiffness  mismatch  that  existed  between  the  stiff  hemispherical  end- 
closure  and  the  more  compliant  cylinder;  this  is  consistent  with  behavior 
observed  in  References  5  and  7. 

T  he  hoop  strain  data  also  show  that  as  the  hulls  became  thicker, 
the  strain  magnitude  tended  to  become  greater  at  a  constant  percentage  of 
P|^.  This  behavior  is  reasonable  because  the  concrete  in  the  thicker  walled 
hulls  is  subjected  to  higher  triaxial  loading  conditions  than  the  concrete  m 
the  thinner  walled  hulls.  Table  5  shows  that  at  0.95  Pj^n,  the  theoretical 
radial  stress  component  on  a  midwall  element  increased  from  3  to  26%  of 
the  hoop  stress  component  and  from  6  to  41%  of  the  axial  stress  component 
when  the  wall  thickness  was  increased  from  1/2  to  3  inches.  It  is  known  that 
concrete  under  a  high  triaxial  loading  state  can  sustain  higher  stresses  and 
strains  than  concrete  under  a  low  triaxial  (or  biaxial/uniaxial)  loading  state. 


Table  5  Theoretical  Midwall  Stresses  at  0.95 


(All  stresses  are  compressive.) 


Wall  Thickness, 
t  (in.) 

Applied  External 
Pressure.  P  Ipsi) 

Radial  Stress, 
ap  (psi) 

Hoop  Stress, 

OH 

Axial  Stress, 
a/x  (psi) 

OR 

OH 

OR 

OA 

1/2 

345 

170 

5,460 

2,820 

0.03 

0.06 

I 

1,050 

580 

8.380 

4,480 

0,07 

0.13 

2 

2,280 

1.380 

9,020 

5,210 

0.15 

0.25 

3 

3,740 

2,520 

9,720 

6.130 

0.26 

0.41 

^  ^im  363,  1 ,105.  2.400,  and  3.940  psi ,  respectively,  for  the  1/2-,  1  -,  2-,  and  3-inch-Thjck  hulls. 
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Figure  1 1 .  Exterior  hoop  strain  for  sfjecimens  2-10-G  and  2-6-G. 


Concrete  strength  =»  10.000  psi 
Concrete  strength  »  6,000  psi 
Average  hoop  strain  for  specimen  3-10-G 
as  indicated  by  displaced  mater 


Figure  12.  Exterior  hoop  strain  for  specimens  3-10-G  and  3-6-G 


I 


Figure  13.  Exterior  axial  strain  for  specimens  1/2-10-G  and  1/2-6-G. 


Figure  14.  Exterior  axial  strain  for  specimens  2-10-G  and  2-6-G. 
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4 


4 

I 


1 

1  1 


Pressure  Levels  (%  of  Pjm) 

(a)  1/2  in.  from  edge  of  cylinder.  (b)  8  in.  from  edge  of  cylinder. 

O  =0 

Q  =  0.30 


(c)  16  in.  from  edge  of  cylinder.  (d)  32  in.  from  edge  of  cylinder. 


Figure  15.  Radial  displacement  of  the  exterior  surface  of  specimen  1/2-10  G. 

The  change-in-volume  data  were  converted  to  average  exterior  hoop 
strain  by  the  thick  wall  theory.  These  calculated  average  values  for  hoop 
strain  are  plotted  in  F igures  9  through  1 2  at  0.95  Pj^  and  serve  as  a  check 
on  the  strain  gage  data. 

Figures  13  and  14  show  the  axial  strain  behavior  of  1/2-  and  2-inch- 
thick  cylinders,  respectively.  These  figures  are  typical  for  the  behavior  of  all 
the  instrumented  cylinders.  In  general,  the  axial  strain  at  8  inches  from  the 
edge  of  the  cylinder  was  the  same  as  that  near  the  cylinder's  midlength.  No 
distinct  trends  in  axial  strain  behavior  were  found  that  could  be  attributed 
to  variations  in  concrete  strength. 
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Figure  t6.  Radial  displacement  of  the  exterior  surface  of  specimen  MO-G. 


Figures  15  through  18  show  the  radial  displacement*  of  the  exterior 
surface  for  the  cylindrical  hulls.  These  figures  reveal  some  interesting  patterns 
of  behavior.  At  1/2  and  32  inches  from  the  edge  of  the  cylinder,  all  specimens 
remained  quite  circular  at  all  levels  of  pressure.  At  8  and  16  inches  from  the 
edge,  the  1-  and  3-inch-thick  specimens  showed  marked  deviations  from  axial 
symmetry  and  large  amounts  of  out-of-roundness  under  load.  The  probable 
cause  for  the  deviations  from  symmetry  and  roundness  is  the  presence  of 
initial  out-of-roundness  in  the  specimens  combined  v;ith  the  influence  of 
the  stiffness  mismatch  between  the  hemispherical  end-closure  and  the  cylinder. 

•  Radial  displacement  is  the  product  of  hoop  strain  and  radius  to  the  surface  of  interest. 
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a  =  0.30 

A  =  0.60 

=  0.95 


4  Displacement  Scale,  1/8  in.  =  1  x  10  ^  in.  4 


(c)  16  in.  from  edge  of  cylinder.  (d)  32  in.  from  edge  of  cylinder. 


Figure  17,  Radial  displacement  of  the  exterior  surface  of  specimen  2-10-G. 


DESIGN  PROBLEM 

Design  a  cylindrical  concrete  hull  of  25-foot  inside  diameter, 

100-foot  length  (cylinder  portion  only)  and  100,000-pound  positive  buoyancy 
for  lona-term  operation  at  a  depth  of  1,000  feet.  Assume  the  use  of  hemi¬ 
spherical  end-closures  of  the  same  wall  thickness  as  the  cylinder  and  concrete 
of  7,000-psi  uniaxial  compressive  strength. 
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4 


(c)  16  in.  from  edge  of  cylinder 


4 


Figure  18.  Radial  displacement  of  the  exterior  surface  of  specimen  3-10-G. 


Because  a  buoyancy  requirement  is  part  of  the  example  problem, 
the  first  step  is  to  determine  cylinder  wall  thickness  based  on  buoyancy. 


(a)  Displacement  of  hull  =  64^-^ 


=  33.51  +  5,027 
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(b)  Weight  of  hull  =  150  ^  (D3-253)  +  (d2 -252) 

=  78.54  0^  +  11,780  d2  -  8,590,000 

(c)  Displacement  -  Weight  =  Buoyancy 

(1)  (33.51  D3  + 5,027  D2)  -  (78.54  +  1 1 ,780  -  8,590,000) 

=  100,000 

(2)  45.03  +  6,753  0^  =  8,490,000 

(3)  D„  =  32.17  ft 

Do  -  Dj 

(d)  Wall  thickness,  t  =  — ^ 

-  32.17  -  25.00 
2 

=  3.58  ft 

Next,  it  is  necessary  to  check  the  design  to  be  sure  that  there  is  a 
safety  factor  of  at  least  3  on  the  structure  as  it  may  be  manned  and  used  for 
long-term  operations. 

(a) P,^  =  f;(2.05  ^  -  0.028)  (1) 

=  7  X  103(2.05  -  0.028) 

=  1,397  psi 

(b)  Convert  1 ,397  psi  to  depth  of  water  m  feet; 

Implosion  Depth  =  1,397  x  2.24 

=  3,130  ft 
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(c)  Safety  Factor 


Implosion  Depth 
Operating  Depth 


=  3,130/1,000 


=  3.13 


Since  the  safety  factor  is  greater  than  3.0,  the  wall  thickness  derived 
through  buoyancy  considerations  is,  therefore,  satisfactory.  If  the  safety 
factor  had  turned  out  to  be  less  than  3.0,  then  a  concrete  mix  with  a  com¬ 
pressive  strength  greater  than  the  specified  7,000  psi  would  have  been  required. 

I  f  the  structure's  buoyancy  is  not  of  major  concern.  Figure  1 9  can  be 
used  to  quickly  determine  the  cylinder  wail  thickness  needed  for  a  given  depth 
and  factor  of  safety.  To  solve  the  example  problem  using  Figure  19  as  the 
design  guide,  the  following  steps  are  required. 

(a)  Convert  operating  depth  to  pressure  in  psi: 


Pressure,  P  =  1,000  ft  x  0.446  =  446  psi 

(bi  Calculate  P/f^ : 


P/f' 


446 

1,000 


0.064 


(c)  Enter  Figure  19  at  P/f^  =  0.064  and  read  across  until  the  3.0 
factor  of  safety  curve  is  intersected.  Read  out  t/D„  =  0.108 

(d)  Since  t  =  (D^  -  Dj)/2,  t  =  0.108  D^,  and  D;  =  25.00  ft,  then 
D„  =  31.89  ft 

t  =  3.44  ft 


Note  that  the  wall  thickness  obtained  using  Figure  19  is  slightly  less 
than  that  obtained  using  Equation  3  and  buoyancy  considerations.  This  is 
because  depth  controlled  the  design  of  Figure  19;  the  result  is  a  structure 
that  has  approximately  150,000  pounds  more  buoyancy  than  the  100,000 
pounds  specified  m  the  example  problem. 

The  final  design  of  cylindrical  concrete  hulls  for  use  in  the  ocean 
would  have  to  include  steel  reinforcement  to  resist  handling  loads;  such 
design  measures  can  be  accomplished  with  conventional  reinforced/prestressed 
design  techniques  and  are  not  included  herein. 
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Applied  Pressure/Concrete  Strength,  P/fj 


I 


Figure  19.  Design  guideline  for  cylindrical  concrete  hulls  with  hemispherical 
end-closures  (based  on  Equation  1). 


FINDINGS 

1 .  The  implosion  pressures  for  the  concrete  cylindrical  hulls  showed  a  direct 
relationship  to  increases  in  concrete  strength  from  6,000  to  10,000  psi  and 
to  increases  in  the  ratio  of  wall  thickness  to  outside  diameter  for  values  from 
0.031 2  to  0.1 875.  A  linear  empirical  equation.  Equation  1 ,  was  developed 
to  predict  the  implosion  pressures. 

2.  Implosion  pressures  ranged  from  208  psi  for  the  1/2-mch-thick  hulls  of 
6,000-psi  concrete  strength  to  3,930  psi  for  the  3-inch-thick  hulls  of  10,000- 
psi  concrete  strength. 

3.  Two  modes  of  failure  for  the  hulls  were  observed;  the  1/2-inch-thick 
hulls  (t/D„  =  0.0312)  failed  by  buckling,  while  the  1-,  2-,  and  3-inch-thick 
hulls  (t/D^  =  0.0625,  0.1250,  and  0.1875)  failed  by  compression  shear  type 
material  failure. 

4.  Strain  data  showed  that  end-closure  effects  were  minimal  beyond  one 
outside  diameter  from  the  end-closure-to-cylinder  joint. 
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CONCLUSIONS 


This  study  on  the  influence  of  concrete  strength  and  wall  thickness 
and  previous  studies  on  the  influence  of  cylinder  length  and  end-closure 
stiffness  have  demonstrated  that  concrete  is  a  predictable  material  for 
pressure-resistant  cylindrical  structures.  It  is  estimated  that  buoyant, 
cylincii  ioal  concrete  structures  will  have  applications  to  the  ocean  depth 
of  1 ,500  feet. 

RECOMMENDATIONS 

1 .  It  is  recommended  that  Equation  1  or  Figure  19  be  used  as  a  guideline 
for  the  design  of  cylindrical  concrete  hulls  for  use  under  the  sea. 

=  f;(2.05  ^  -  0.028)  (1) 

where  Pj^  =  implosion  pressure  (psi) 

fj  =  uniaxial  compressive  strength  of  concrete  (psi) 
t  =  wall  thickness  (ft) 

Dq  =  outside  diameter  (ft) 

2.  It  is  recommended  that  the  region  between  the  end-closure-to-cylinder 
joint  and  one  outside  diameter  from  the  joint  not  be  used  for  penetrations  in 
concrete  cylindrical  hulls  if  alternate  locations  are  available.  If  this  location 
IS  used  for  a  penetration,  then  an  appropriate  increase  in  the  factor  of  safety 
IS  recommended.* 
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CONTROL  CYLINDER  DATA 


The  test  results  from  the  3  x  6-inch  control  cylinders  for  the  cylindrical 
hulls  are  presented  in  Table  A-1 .  The  nominal  10,000-psi  concrete  strength 
mix  produced  average  values  for  f^,  Ej,  and  i>  of  10,460  psi,  3.56  x  10®  psi, 
and  0.19,  respectively;  the  nominal  6,000-psi  concrete  strength  mix  produced 
average  values  of  6,130  psi,  2.68  x  10®  psi,  and  0.16,  respectively,  for  the 
same  three  parameters.  All  hemispherical  end-closures  were  made  from  a 
high-strength  mix  which  had  average  values  of  8,840  psi,  3.18  x  10®  psi,  and 
0.1 7,  respectively. 


Table  A-1 .  Test  Results  for  3  x  6-Inch  Control  Cylinders 


— 

Specimen 

Designation 

Compressive  Strength  of 
Concrete,  fj  (psil 

Secant  Mcx^uius  of 
Elasticity.^  Ej  (psi  x  10®) 

Poisson's 
Ratio,^  V 

Age  at 

Test  Idays) 

— 

1/2-10-N 

10.700 

3.47 

0.18 

101 

I/2I0-G 

wsoo 

3.85 

0.18 

124 

1/2-6-N 

5,420 

2.58 

0.18 

16 

1/2 -6-G 

5,760 

2.29 

0.16 

32 

1-10-N 

10.700 

3.72 

0.20 

117 

1-1 0-G 

10,480 

3.55 

0.20 

118 

1-6-G 

6.620 

2.67 

0.16 

28 

1-6-N 

5320 

2.70 

0.17 

27 

2-10-G 

9,840 

3.58 

0.18 

118 

2-10-N 

9350 

3.36 

0.19 

124 

2-6-N 

6.080 

2.91 

0.15 

23 

2-6-G 

6,060 

2.87 

0.12 

24 

3-1 0-G 

10.350 

3.59 

0.22 

119 

3-10-N 

10.800 

3.40 

0.14 

119 

3-6-N 

7,000 

2.80 

0.15 

27 

3-6-G 

6300 

2.66 

0.21 

27 

^  Average  of  two  3  x  6-inch  control  cylinders  to  0.5 
^  Average  of  two  3  x  S-inch  control  cylinders. 
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LIST  OF  SYMBOLS 

D  Mean  cylinder  diameter  (in.) 

Dj  Inside  diameter  of  cylinder  (in.) 

Do  Outside  diameter  of  cylinder  (in.) 

E,  Secant  modulus  for  the  conaete  to  0.5  f'  (psi) 
Uniaxial  compressive  concrete  strength  (psi) 

L  Length  of  cylinder  (in.) 

F  Applied  pressure 

Per  Implosion  pressure  due  to  buckling  failure  (psi) 

^im  I  mplosion  pressure  due  to  compressive  shear 
failure  (psi) 

tj  Interior  radius  of  cylinder  (in.) 
to  Exterior  radius  of  cylinder  (in.) 
t  Thickness  of  cylinder  wall  (in.) 

Ca  Axial  strain  (in./in.) 

Ch  Hoop  strain  (inVin.) 

*'  Poisson's  ratio 

Oa  Axial  stress  (psi) 

Oh  Hoop  stress  (psi) 

PHmax  '  hterior  hoop  stress  at  implosion 
Off  Radial  stress  (psi) 
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ABSTRACT 

Twelve  model  concrete  cylindrical  hulls  were  subjected  to  hydrostatic 
loading  to  determine  the  influence  of  end-closure  stiffness  on  implosion  pres¬ 
sure  and  strain  behavior  of  the  cylinders.  Results  showed  that  variation  of 
end-closure  stiffness  did  not  reduce  the  implosion  pressure  below  that  of  a 
cylinder  with  a  free  end  condition  or  below  the  implosion  pressure  predicted 
by  elastic  thick-wall  theory.  To  vary  the  closure  stiffness,  concrete  hemisphere 
and  steel  plate  end  closures  were  used  to  simulate  free,  pinned,  beveled,  and 
fixed  end  conditions.  Strain  variations  along  the  length  of  the  cylinders  indi¬ 
cated  that  the  influence  of  the  closure  was  limited  to  a  distance  of  one  diameter 
from  the  closure.  Recommendations  are  presented  to  aid  in  the  design  of 
concrete  cylindrical  hulls. 
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INTRODUCTION 


The  prospective  use  ot  concrete  cylindrical  hulls  for  undersea 
installations  requires  that  some  form  of  end  closure  be  provided.  The 
closure  may  be  a  shell  or  plate  made  of  concrete  or  another  material,  or 
the  closure  may  be  another  structure  to  which  the  cylindrical  hull  connects, 
such  as  a  sphere.  The  difference  in  stiffness  betweeri  the  cylinder  and  the 
closure  will  affect  the  structural  behavior  of  the  cylindrical  hull. 

The  primary  objective  ot  this  investigation  was  to  determine  the 
effect  of  the  end-closure  stiffness  on  the  structural  behavior  of  thick-walled 
concrete  cylindrical  hulls  subjected  to  hydrostatic  loading.  The  effect  of  the 
end  closure  was  studied  by  testing  experimental  models  and  by  analyzing  the 
models  with  a  finite  element  technique.  The  secondary  objective  was  to  com¬ 
pare  the  experimental  behavior  with  the  analytical  behavior  to  determine  the 
accuracy  of  the  analytical  method. 

The  ultimate  purpose  ot  this  research  is  to  aid  m  developing  design 
guidelines  for  the  accurate  and  safe  design  of  undersea  concrete  structures. 
Applications  for  such  undersea  structures  include  stations  to  monitor  ocean 
activities,  nuclear  reactor  containment  structures,  transportation  tunnels, 
mineral  refinement  plants,  and  oil  drilling  enclosures. 


BACKGROUND 

Previous  experimental  research  at  the  Naval  Civil  Engineering 
Laboratory  (NCEL)  on  model  cylindrical  hulls  determined  the  effect  of 
the  cylinder  length-to-outside-diameter  ratio  (L/Dp)*  on  the  stram  behavior 
and  implosion  pressure  of  the  hulls  and  indicated  the  minimum  length-to- 
diameter  ratio  which  approximates  a  cylinder  of  ''infinite''**  length.’ 
Fourteen  concrete  cylindrical  hulls  were  tested.  These  hulls  had  an 
outside  diameter  of  16  inches  and  a  2-inch  wall  thickness.  End  closures 


•  A  toldou!  list  of  symbols  is  iiK.liidfd  afli-r  RelerctK-fs. 

*  •  An  "infinitely  lonri"  i:y  linder  is  one  in  wliieti  radial  disirlacenients  are  uniform 
alonq  Ifie  lenptti. 
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were  concrete  hernispfreres  with  a  16-inch  outside  diameter  and  2-inch  wall 
thickness.  Ttie  L/D^  ratio  was  varied  from  0.5  to  8.0.  Principal  findings  ot 
the  study  were  that; 

1 .  A  cylinder  with  an  L/D^  ratio  ot  2.0  or  greater  can  be  considered 
infinitely  long. 

2.  Exterior  hoop  strains  were  nearly  uniform  beyond  a  distance 
equal  to  or  greater  than  one  outside  diameter  from  the  cylinder 
end. 

3.  Cylinders  with  an  L/D^  ratio  greater  than  2.0  imploded  at  a 
pressure  loading  ot  approximately  2,500  psi,  which  was  conser¬ 
vatively  predicted  with  Lame's  elastic  thick-wall  theory. 

4.  Hoop  strains  around  the  circumference  of  a  cylinder  at  midlengtfi 
were  not  uniform,  apparently  a  flat  spot  developed  which  eventually 
resulted  in  tfie  hull  failure. 

Along  witfi  the  experimental  investigation,  the  cylinders  were  analyzed 
with  a  finite  element  method  developed  by  E.  L.  Wilson. ^  The  finite  element 
analysis  indicated  behavior  similar  to  that  determined  m  the  experimental 
findings. 


EXPERIMENTAL  PROGRAM 
Scope 


This  investigation  was  principally  an  experimental  study  of  1  2  model 
concrete  cylindrical  hulls  with  concrete  hemisphere  and  steel  plate  end  closures. 
The  closures  were  ustrd  to  create  various  amounts  ot  fixity  at  the  cylinder  ends. 
The  only  intended  var lable  in  the  experiment  was  the  closure  stiffness.  The 
structural  behavior  of  the  cylinders  was  studied  by  measuring  the  exterior 
strain  ot  the  models  as  they  were  subiected  to  hydrostatic  pressure  loading. 

All  cylinders  were  tested  to  implosion. 

The  experiments  were  designed  to  yield  sufficient  data  to  show  the 
influence  of  end-closure  stiffness  on  the  structural  behavior.  These  data  were 
then  compared  with  the  results  from  a  finite  element  analysis  of  the  cylinder 
models  to  determine  the  difference  between  actual  and  theoretical  behavior. 

The  analytical  and  experimental  findings  were  used  to  formulate  the  recom¬ 
mendations  for  design  guidelines. 
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Design  of  Specimens 


The  1 2  model  concrete  cylinders  were  similar  to  those  tabncated  m 
the  previous  research  study,’  with  a  length-to-diameter  ratio  (L/Dq)  of  2.0 
and  thickness-to-diameter  ratio  (t/Dg)  of  0.125.  The  cylinders  had  an  outside 
diameter  of  1 5  inches,  wall  thickness  of  2  inches,  and  length  of  32  inches. 

Four  end-fixity  conditions  were  used  and  ranged  from  approximately 
no  end  restraint  to  infinite  restraint  (Table  1 ).  Two  cylinders  each  were  tested 
with  free  end  and  pinned  end  conditions,  and  four  cylinders  each  were  tested 
with  beveled  end  and  fixed  end  conditions. 

To  produce  the  least  restraint,  concrete  hemispheres  with  a  16-inch 
outside  diameter  and  1-inch  wall  thickness  were  bonded  with  epoxy  to  each 
end  of  a  cylmdei  (specimens  1  and  2).  Elastic  thick-wall  theory  predicted 
that  the  1 -inch-thick  hemisphere  would  have  a  radial  deflection  0.95  times 
the  deflection  of  the  2-inch-thick  cylinder,  therefore,  the  hemispherical  end 
closure  was  approximately  5%  stiffer  than  the  cylinder.  Because  of  this  small 
difference,  the  hemispherical  closure  would  produce  little  end  restraint,  and 
the  cylindrical  htill  would  respond  to  hydrostatic  loading  in  a  manner  similar 
to  that  of  a  portion  of  an  infinitely  long  hull.  Hence,  hemispherical  end  clo¬ 
sures  having  a  wall  thickness  one-half  that  of  the  cylinder  were  considered  as 
providing  free  end  restraint  conditions. 

Specimens  3  through  8  had  one  end  of  the  cylinder  capped  with  a 
1 6-inch-OD,  1  -inch-thick  concrete  hemisphere  and  the  other  end  with  a  steel 
plate  closure.  Specimens  9  through  1 2  had  one  end  capped  with  a  1 6-inch-OD 
X  2-inch-thick  concrete  hemisphere  and  the  other  end  with  a  steel  plate  closure. 
The  1  -mch-thick  hemisphere  was  used  at  one  end  so  that  any  variation  in  the 
structural  behavior  along  the  length  of  the  cylinde'  wuuiu  ne  caused  by  the 
various  plate  closures  and  the  cylinder  would  respond  as  a  semi-inf  initely 
long  cylinder  with  one  end  restrained.  Even  though  the  l  -mch  hemisphere 
would  provide  the  desired  free  restraint  conditions,  d  would  produce  an  edge 
bearing  effect  which  might  influence  the  hull  implosion  behavior.  The  2-inch 
hemispheres  were  used  to  avoid  edge  bearing  effects,  although  the  thicker 
hemispheres  would  somewhat  restrain  cylinder  deflection. 

A  cylinder  length-to-diameter  ratio  of  2.0  was  chosen  because,  as 
determined  by  Haynes  and  Ross,’  a  cylinder  with  an  L/D^  ratio  of  2.0  or 
greater  behaved  as  an  infinitely  long  cylinder  Therefore,  any  variation  in 
structural  behavior  caused  by  varying  the  end  closures  could  be  assumed  to 
be  the  result  of  changing  the  restraint  at  one  end  of  the  cylinder  and  not  of 
any  influence  at  the  other. 
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The  steel  plate  end  closures  are  shown  in  Figure  1 ,  Specimens  3 
and  4  had  a  steel  plate  end  closure  which  simulated  a  pinned  end  condition. 
The  closure  was  designed  to  permit  nearly  free  roiaiion  while  preventing 
radial  displacement.  As  shown  in  Figure  2,  a  steel  ring  was  grouted  between 
the  bearing  edge  of  the  closure  and  the  concrete  cylinder.  This  ring  prevented 
excessively  high  bearing  stresses.  Because  the  ring  was  grooved  and  flexible. 

It  did  not  restrain  the  cylinder  rotation. 

Specimens  5,  6.  9,  and  10  had  a  beveled  steel  plate  end  closure 
(Figure  3).  Both  the  plate  and  the  cylinder  were  fabricated  with  a  45-degree 
beveled  edge.  This  configuration  was  designed  to  partially  restrain  both  the 
radial  deflection  and  rotation  of  the  cylinder.  The  beveled  condition  also 
represented  a  design  which  might  be  practical  for  movable  closures. 

The  steel  plate  closure  for  specimens  7,8,  11,  and  1 2  was  designed 
to  ensure  full  fixity  of  the  cylinder  end  by  restraining  radial  deflection  and 
rotation.  The  fixed  end  closure  (Figrire  4)  fit  around  ttie  cylindei  end  so 
that  the  cylinder  penetrated  the  plate  3  inches. 

Fabrication  of  Specimens 

The  concrete  Itechmcally  a  mitroconcrete  or  mortar,  hecatise  the 
largest  aggregate  passed  a  no.  4  sieve)  used  to  cast  tioth  the  cylinders  and 
hemispheres  had  a  compressive  strength  ranging  from  5,910  to  10,640  psi 
and  elastic  moduli  from  2.4  x  10®  to  3.8  x  10®  psi.  Details  of  the  mix  design 
and  physical  properties  of  the  concrete  are  presented  m  Appendix  A. 

The  cylinders  were  cast  vertically  in  rigid  steel  molds  (Figure  5).  The 
molds  were  machined  to  diameter  tolerances  of  ±  1/32  inch,  and  could  be 
separated  mto  parts  for  easy  removal  from  the  cast  cylinder 

The  two  cylinder  sections  which  were  to  have  the  same  type  end 
closure  were  cast  on  the  same  day  but  from  different  batches  ol  concrete. 
During  casting,  the  concrete  was  vibrated  both  internally  and  externally  to 
assure  good  compaction  and  homogeniety.  The  molds  were  removed  one 
day  af  tei  casting,  and  the  sections  were  cured  m  a  fr^g  room  at  lOO^^  RH 
and  73°F  until  the  concrete  aged  28  days.  Upon  removal  from  the  fog 
room,  the  cylinders  were  stored  at  room  conditions  within  a  building 
while  being  instrumented  and  having  the  end  closures  attached. 

The  concrete  hemispheres  were  cast  m  rigid  aluminum  molds. 

External  vibration  was  used  during  casting  to  ensure  compaction.  The 
hemispheres  were  cured  under  the  same  conditions  as  were  the  concrete 
cylinder  sections.  The  flat  edges  on  the  cylinders  and  hemispheres  were 
ground  smooth  and  plane  by  rotating  the  sections  on  a  sheet  of  plate  glass 
covered  with  water  and  silicon  carbide  grit  no.  60. 
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(c)  Fixed. 


Figure  1  Steel  plate  end  closures. 


Figure  2.  Pinned  end  closure  with  bearing  ring  in  cylinder. 


Figure  3.  Beveled  end  closure  with  cylinder  and  hemispherical  end. 


Figure  5.  Rigid  steel  mold  partially  assembled  for  casting. 


The  steel  end  closures  were  machined  from  6-inch-thick  A36  steel 
plate.  Dimensions  were  within  a  tolerance  of  ±0,005  inch.  Drawings  of  the 
plate  closures  are  shown  in  Appendix  B. 

The  end  closures  were  epoxy-bonded  to  the  cylinders  while  the 
cylinder  was  in  a  vertical  position.  The  hemispherical  closures  were  placed 
first  (Figure  6),  using  a  high-strength  epoxy  (Furane  Plastics,  Epocast  8288). 
After  1  week  the  cylinder  was  inverted,  and  the  other  closure  was  fitted  in 
place.  For  specimens  1  and  2,  the  second  hemisphere  was  epoxy-bonded  to 
the  edge  of  the  cylinder.  For  specimens  3  and  4,  steel  bearing  rings  were 
grouted  to  the  cylinder  interior  surface  with  a  neat  cement  paste,  then  the 
pinned  end  closure  was  epoxy-bonded  to  the  edge  of  the  cylinder.  The 
pinned  end  closure  fit  snugly  into  the  bearing  ring.  The  beveled  end  clo¬ 
sure  was  epoxy-bonded  to  specimens  having  beveled  edges  (Figure  7)  with 
a  bond  approximately  0.020  inch  thick.  To  attach  the  fixed  end  closure, 
the  deep  groove  of  the  closure  was  painted  with  a  thick  coat  of  a  low- 
viscosity,  steel-filled  epoxy  (Furane  Plastics,  Epibond  154)  and  the  closure 
was  lowered  onto  the  cylinder.  The  epoxy  flowed  sufficiently  to  ensure 
that  the  bond  between  the  closure  and  the  cylinder  was  complete  and  that 
the  closure  was  correctly  seated. 


Figure  6,  Hemispherical  closure  being  epoxy -bonded  to  cylinder. 
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Figure  7.  Beveled  end  closure  with  differential  transformer  ready  for  bonding. 


After  assembly,  each  specimen  was  coaled  with  a  waterproofing 
epoxy  so  that  the  concrete  would  remain  dry  during  pressuie  testing. 

Instrumentation 

Specimens  1  through  8  were  instrumented  with  eleclncal  resistance 
strain  gages  (BLH  A-5-1-S6)  located  on  the  exterior  surface  m  the  hoop 
direction  only.  Specimens  9  through  12  were  not  ins'rumented.  Figures  8 
through  1 1  show  the  gage  layout  for  the  free,  pinned,  beveled,  and  fixed  end 
conditions,  respectively.  The  gage  layouts  for  the  specimens  were  i^'milcr  in 
that  they  measured  the  hoop  strains  along  two  radially  opposite  lines  parallel 
to  the  cylinder  axis.  The  strains  along  these  lines,  designated  A  and  B,  show 
the  influence  of  the  end  closure  on  the  radial  displacement  relative  to  the 
distance  from  the  closure.  Six  gages  were  placed  around  the  cylinder  at 
locations  2,  8,  and  16  inches  from  the  edge  of  the  closure.  These  strain 
measurements  around  the  circumference  show  cylmder  out-of-ioundness 
and  the  development  of  flat  spots. 

The  strain  gages  were  attached  to  the  cylinder  with  an  epoxy 
(EPY  1 50)  and  were  waterproofed  with  a  microcrystalline  wax. 


not  to  scale 

0° 

+  2  gages 

0  6  gages  ^ - location  for  two  and  six  gages 


180° 


Figure  8.  Strain  gage  layout,  specimens  1  and  2  (free  end  closures). 


“h  2  gages 
O  6  gages 


not  to  scale 

Figure  9.  Strain  gage  layout,  specimens  3  and  4  (pinned  end  closures). 


+  2  gages 
O  6  gages 

Figure  10  Strain  gage  layout,  specimens  5  and  6  (beveled  end  closures). 


"F  2  gages 
O  6  gages 


no!  to  scale 

Figure  1 1 ,  Strain  gage  layout,  specimens  7  and  8  (fixed  end  closures). 
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A  linear  differential  transformer  was  used  on  specimens  3  through  8 
to  measure  the  interior  radial  displacement  of  line  A  at  a  distance  f  to  3  inches 
from  the  closure.  The  transformer  (pictured  in  Figure  7)  was  used  principally 
to  provide  data  tor  comparison  with  the  exterior  displacements  measured  by 
strain  gages.  The  transformer  was  connected  to  a  bracket  having  a  highly 
magnetized  base  plate  which  rigidly  adhered  to  the  steel  end  closure. 

During  assembly  of  the  specimens  the  strain  gage  lead  wires  were 
run  down  the  exterior  of  the  cylinder,  through  a  penetration  in  the  lower 
hemisphere  to  the  interior,  then  out  of  the  cylinder  through  the  upper  end 
closure.  The  lower  penetration  was  potted  with  epoxy.  The  lead  wire  from 
the  differential  transformer  was  brought  out  of  the  cylinder  through  the  upper 
end  closure. 

During  the  pressure  test,  strain  gage  readings  were  recorded  on  a 
Datran  I  Strain  Indicator  and  Recorder  System.  The  measurements  were 
within  an  accuracy  of  ±  lO/jin./in.  The  differential  transformer  was  moni¬ 
tored  with  a  N-type  strain  indicator  previously  used  to  calibrate  the 
transformer. 

Test  Procedure 

All  specimens  were  tested  in  the  72-inch  lD  x  160-inch-long 
hydrostatic  pressure  vessel  at  NCEL.  After  the  specimen  was  attached  to 
the  head  of  the  vessel  (Figure  12),  the  cylinder  was  partially  filled  with  water 
to  reduce  the  violent  forces  created  by  implosion.  The  strain  gage  and  differ¬ 
ential  transformer  lead  wires  were  brought  out  of  the  vessel  through  the 
connection  in  the  vessel  head. 

The  specimen  was  then  loaded  under  hydrostatic  pressure  at  a  rate 
of  100  psi  per  minute  between  data  recordings  until  implosion  occurred. 

Strain  and  transformer  readings  were  taken  every  100  psi.  The  time 
required  to  record  the  data  was  approximately  30  seconds,  during  which 
the  pressure  loading  was  held  constant. 

After  implosion  the  specimen  was  removed  from  the  vessel  and 
inspected. 


TEST  RESULTS 
Failed  Specimens 


The  failure  mode  of  specimens  1 , 2,  3,  4,  5,  6,  and  8  was  a  bearing 
shear  type  failure  at  the  ioinl  between  tlie  concrete  hemispherical  end 
closure  and  the  cylinder  (Figure  13).  The  stiear  plane  was  at  approximately 
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a  45-degree  angle  and  ranged  between  one-sixth  to  one-half  of  the  circumference 
at  the  joint.  The  failure  plane  was  not  limited  to  the  cylinder  section  but  ran 
continuouslv  through  the  cylinder,  epoxy  joint,  and  hemisphere.  In  every  case 
hemisphere  fragments  remained  firmly  bonded  to  the  cylinder. 

Implosion  of  specimen  7  was  caused  by  a  local  failure  of  the  concrete 
hemisphere  (Figure  14).  The  sides  of  this  local  failure  showed  the  typical  con¬ 
crete  compression  failure  observed  in  previous  studies  of  concrete  spheres. 

The  failure  mode  of  specimens  9.  10,  11,  and  1 2  was  a  concrete 
compression  type  failure  of  the  cylinder  (Figures  15  and  1 6  show  typical 
examples).  The  shear  plane  angle  was  between  30  and  45  degrees  tangent 
to  the  exterior  surface  and  ranged  between  the  bottom  and  top  of  the  hole 
(Figum  1 5).  The  failure  plane  was  located  between  4  and  1 2  inches  from  the 
edge  ot  the  steel  plate  end  closures.  This  failure  mode  was  identical  to  that 
observed  by  Haynes  and  Ross’  on  2-inch  thick  cylinders  capped  with  2-inch- 
thicik  hemisplieres. 

Forces  created  by  implosion  caused  the  bond  to  break  between  the 
(  ylinder  and  the  pinned  and  beveled  end  closures.  The  fixed  end  closures 
remained  attached  to  the  cylinders.  The  steel  plates  showed  no  damage  or 
dimensional  change  after  the  test. 


Figure  12.  Cylinder  with  fixed  end  closure  being  lowered  into  pressure 
vessel  tor  hydrostatic  test. 
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Figure  13.  Bearing  shear  failure  at  cylinder  edge  for  specimen  1 . 


Figure  14.  Local  failure  of  hemispherical  end  on  specimen  7. 
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Figure  15.  Failure  of  cylinder  section  for  specimen  9. 


Figure  16.  Close  up  of  failure  plane  of  specimen  9. 
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Implosion  Data 


Implosion  test  results  are  presented  in  Table  2.  The  implosion 
behavior  of  the  specimens  was  compared  using  the  ratio  of  implosion  pres¬ 
sure  ‘o  concrete  strength,  /f^.  This  ratio  accounts  for  differences  in 
implosion  pressures  caused  by  variation  of  concrete  strength. 


Table  2.  Implosion  Test  Data 


Spec,  linen 

No. 

End 

Condition 

Implosion  Pri'ssurc', 

(psil 

Concrete 

Strength, 

fc' 

1 

Iree 

1,800 

7,860 

0.229 

2 

free 

2,19b 

9,800 

0,224 

3 

pinned 

2,300 

9,420 

0,244 

4 

pinned 

2,35b 

9,270 

0.254 

5 

beveled 

1,14b 

5,940 

0.193 

6 

beveled 

1 ,350 

b.OU) 

0.229 

7 

fixed 

2,27b 

9.100 

0.250 

fi 

I IX. 'Cl 

2,190 

9,260 

0.2.36 

0 

bevi'led 

2 ,6bb 

10,48u 

o.2b:i 

10 

be  yell'd 

2.480 

10,640 

0.233 

1 1 

lixed 

2,83b 

8.7tKi 

0.326 

12 

fixed 

2,4,3b 

9,58(1 

0.254 

2  in.  tfm  t  heniis()tiere 

2,l)(.)0 

10,120 

0.2ri7 

o'’ 

2  ff  1. 

2.800 

10,12(1 

0.277 

■'  Thr  1 1  nil  ri’te  slrenylh  is  an  averaije  ol  six  3  x  (i-im  h  i.ontml 
(  ylinders  inadi'  Irom  the  Mine  c  om  n'li-  used  to  c  asl  the 
I  vlind'T  sf’i  non. 

^  Dal. I  troin  ex()erimeiits  by  Haynes  and  Hnss  on  i  i.inciete 
c  ylinders  with  U/Dj,  =  2  0  and  with  If.  im  h  OD  x  2  in<  h 
wall  thii  kness  hemisplieriwl  closures  on  e.jdi  und  ^ 
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Strain  Data 


Figures  1  7  through  24  present  the  extenor  hoop  strains  of  lines 
A  and  B  versus  the  distance  from  the  edge  of  the  end  closure  for  specimens 
1  through  8,  respectively.  So  that  the  various  specimens  could  be  easily 
compared,  the  strains  were  plotted  at  two  pressure  levels  corresponding  to 
two  ratios  of  applied  pressure  to  concrete  strength  of  the  cylinder  section, 
P/fJ.  =0.10  and  P/f'  =  0.20.  The  measured  "distance  from  edge  of  closure" 
for  specimens  1  and  2  was  the  distance  from  the  hemisphere— cylinder  joint, 
for  specimens  3  and  4  it  was  from  the  bearing  point  of  the  pinned  end  clo¬ 
sure,  for  specimens  5  and  6  it  was  from  the  interior  edge  of  the  bevel  of  the 
cylinder  section,  and  for  specimens  7  and  8  it  was  from  the  edge  of  the 
interior  face  of  the  fixed  end  closure. 

Figures  25  through  32  present  the  exterior  hoop  strains  around  the 
circumference  at  2,  8,  and  16  inches  from  the  edge  of  the  closure  versus  the 
degrees  around  the  circumference  for  specimens  1  through  8,  respectively. 
As  before,  the  strains  were  plotted  at  two  ratios  of  applied  pressure  to  con¬ 
crete  strength.  Line  A  was  designated  as  the  0°  point,  and  the  angle  around 
the  circumference  increased  clockwise  as  one  would  view  the  cylinder  from 
the  end  with  the  steel  plate  closure. 


0  5  10  15  20 

Omance  From  Edge  of  Closure  (in.) 


Figure  17.  Strain  along  length  of  specimen  1. 
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Line  A 


Figure  20.  Strain  along  length  of  spiecimen  4.  Figure  21.  Strain  along  length  of  specimen  5. 
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PliTiTii 


Figure  24.  Strain  along  length  of  specimen  8. 


0  60  120  180  240  300 

Degrees  Around  Circumference 

Figure  25.  Circumferential  strain,  specimen  1. 
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Exterior  Hoop  Strain  (Min./inJ  Exterior  Hoop  Strain  (^in./in.) 


I  I 


;  p/f;.  =  o.io 


60  120  130  240  300  360 

Degrees  Around  Circumference 

Figure  26.  Circumferential  strain,  specimen  2. 


60  120  180  240 

Degrees  Around  Circumference 

Figure  27.  Circumferential  strain,  specimen  3. 
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Figure  31 .  Circumfereniial  strain,  specimen  7 


Figure  32.  Circumferential  strain,  specimen  8. 

Linear  Differential  Transformer  Data 

Di‘ terentiai  translor met s  were  not  used  on  specimens  1  and  2.  The 
tianstoi  meis  on  specimens  5  and  7  were  inoperable  trecause  when  itie  closures 
w>-’iH  efioxieij  t(j  iuc'  tiulis  sonie  epoxy  had  flowed  down  the  inner  side  of  the 
fiuMs  ,tnd  tjondryi  tfre  rod  to  the  coil.  Fiyuro  32  .shows  P/f^  plotted  versus  the.' 
msid*'  fddiri!  detlection  arii.i  c,ak,ulated  intcaicir  hoop  strain  toi  specimens  3,  4, 
i..',  ,in;!  8. 

Finite  Element  Analysis 

Ttie  finite  element  tectinqiue  was  used  to  analyze  specimens  1 , 3,  5, 
end  7.  Ttie  concrete  strenqitis  ot  each  cylinder  and  ttie  iniineai  stress-stiain 
I  urves  trir  h)e  concretes  were  used  in  ttie  analysis  Ithe  tiilmear  curve  is  dis 
r  i.issed  in  Appendix  A).  Ttie  results  ot  ttie  analysis  are  plotted  along  with 
it|.-  exfier  irivnial  r late  on  Figures  1  7,  1 9,  2 1 ,  and  23  lor  ttie  respect  ive 
specimens.  It  was  assumeri  ttiat  there  was  no  initial  out-ot-roundness  in 
any  ryliruJer  .ind  theietore  no  cfevelopment  ot  a  flat  spot  as  load  was  applied. 
In  ttie  unalvsis,  ipd  mectirinu  at  properties  ot  the  cylinder  also  were  used  tni 


the  hemisphere  end.  The  connections  lietween  the  cylinder  sections  and 
the  steel  plates  were  assumed  to  be  "periect"  connections;  that  is,  there  was 
no  discontinuity  between  the  cylinder  and  the  "pin"  for  specimen  3,  the 
beveled  plate  was  symmetric  with  a  uniform  epoxy  joint  for  specimen  5, 
and  full  fixity  occurred  at  the  joint  between  the  cylinder  and  the  plate  for 
specimen  7. 

The  exterior  radial  displacements  were  calculated  for  specimens 
3,  5,  and  7  at  the  positions  where  the  differential  transformers  were  located. 
These  data  are  plotted  in  Figure  33  along  with  the  experimental  results. 


DISCUSSION 
Implosion  Behavior 

Lame's  elastic,  thick-wall  theory  was  used  to  predict  the  implosion 
piessLire  of  the  cylindrical  hulls  by  assuming  that  failure  of  the  cylindei 
occurred  wfien  the  interior  hoop  stress  reached  the  ultimate  concrete 
strengtfi.  Tfie  Lame  expression  is 


(1) 


where  =  implosiort  pressure  (psd 

=  ultimate  iiniaxial  concrete  strength  (psi) 
r,  inierior  radius,  whicfi  is  the  location  under  consideial ion  (in.) 
r^  -  ‘>xter  loi  radius  (in.) 

When  itie  dimensions  ol  the  specimens  are  substituted  in  Equation  1, 
the  resulting  implosion  pressure  is 

P,^  =  0.219f;  (2) 

or  the  ratio  ot  implosion  pressure  to  concrete  strength  /f|, )  is  0.21 9. 

All  specimens  except  specimen  5  imploded  at  a  pressure  higfier  tfian 
that  predicted  by  Lame's  equation.  The  ratio  for  specimen  5  was  12'fC 

lower  than  0.219.  The  averarje  P.m/fc  'ctr  specimens  1  through  8  was 
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0.232,  for  specimens  9  through  12  it  was  0.266,  and  the  average  for  all 
specimens  was  0.244.  Haynes  and  Ross^  found  that  the  Pj^  /f^  ratio  tor 
cylinders  with  a  L/D^  ratio  greater  than  2.0  ranged  between  0.220  and 
0.277  with  an  average  of  0.250. 
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1 .  Analytical  exterior  deflections  mere  calculated 
using  the  finite  element  analysis. 

2.  Specimen  3  and  4 — Pinned  end  closure,  radial 
deflection  3  inches  from  edge  of  closure. 

-  3.  Specimen  6 — Beveled  end  closure,  radial  - 

deflection  1  inch  from  edge  of  closure. 

4.  Specimen  8 — Fixed  end  closure,  radial 
deflection  1  inch  from  edge  of  concrete. 
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Figure  33,  Linear  differential  transformer  data:  radial  deflection  and 
interior  hoop  strain  near  end  closure  on  line  A. 


TficrPtoK-'  the  specimens  of  Ihis  study  generally  tailed  at  pressures 
between  those  which  caused  failure  ol  "infinitely''  long  cylinders  and  those 
predictt'd  by  elastic  theory, 

Ttie  mode  of  failure  observed  by  Haynes  and  Ross’  was  that  a  section 
of  the  cylinder  imtiloded  by  forming  a  shear  plane  apiiroximately  parallel  to 
trie  cylinder  axis.  An  identical  failure  mode  was  observed  in  specimens  9 
ttirough  12.  The  shear  plane’ m  the  latter  sfiecirnens  occurred  near  the 
hemispherical  closure  rather  than  near  die  plate  closure.  Although  both 
closures  induced  a  strain  increase  about  8  inches  from  the  edge,  the  suffer 
closure  apparently  restrained  the  cylinder  more  than  did  the  hemisphere, 
allowing  the  concrete  to  collapse  near  the  hemispherical  closure.  Except 
for  spfiere  7,  specimens  1  through  8  failed  by  concrete  shear  created  by  high 
fiearing  stresses  on  the  edge  of  die  cylinders.  This  mode  of  failure  caused 
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specimens  1  through  6  and  specimen  8  to  implode  at  pressures  an  average  15% 
lower  than  implosion  pressures  of  specimens  9  through  1 2  and  an  average  8% 
lower  than  those  recorded  in  the  previous  study.  Table  3  lists  the  end  bearing 
stresses  produced  by  the  hemispherical  closure,  the  concrete  strength  of  the 
cylinder  section,  and  the  percentage  difference.  The  bearing  stress  at  implo¬ 
sion  was  essentially  equal  to  the  concrete  strength.  This  indicated  that  the 
specimens  failed  because  the  bearing  stress  reached  the  ultimate  concrete 
strength. 


Table  3.  Bearing  Stresses  Produced  by  I -Inch-Thick  Hemispherical  Closures 


— 

Specimen 

No. 

Calculated 
Bearing  Stress 
at  Implosion 

Concrete  Strength 
of  Cylinder  Section, 

Ipsi) 

Difference  Between 
Bearing  Stress  and 
Concrete  Strength*' 
1%) 

1 

7,680 

7,860 

-2,3 

2 

9,380 

9.800 

-4.3 

3 

9,810 

9,420 

+4.1 

4 

10,050 

9.270 

-^8.4 

S 

4,880 

5,940 

-17,8 

6 

5,760 

5,910 

-2.5 

7 

9,700 

9.100 

+6.6 

8 

9,350 

9,260 

+  1.0 

bearing  stress  -  f' 

■'  Difference  =  - -  x  100. 


Strain  Behavior 

The  strains  observed  m  these  experiments  were  exterior  strains  only. 
It  IS  logical  to  assume  that  the  locations  of  maximum  exterior  and  interior 
hoop  strains  were  the  same  and  that  the  structural  response  at  the  exterior 
was  similar  to  that  at  the  interior.  Elastic  thick -wall  theory  predicted  that 
the  interior  strain  would  be  33%  greater  than  the  exterior  strain;  Haynes  and 
Ross  found  that  the  interior  strains  were  betv-een  33%  and  50%  greater,’ 
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Therefore,  in  reviewing  the  graphs  of  "strain  versus  distance  from  edge  ol 
closure"  (Figures  17  through  24).  the  reader  should  recognise  that  the 
t>uixi)ninii  strains  were  more  than  one-third  greater  than  those  recorded. 

Strain  Variation  Along  Cylinder  Length.  The  influence  of  the  end 

closure  on  the  strain  along  the  cylinder  length  is  reviewed  for  each  specimen 
in  Appendix  C.  Generally,  the  pinned,  beveled,  and  fixed  closures  produced 
similar  cylinder  beftavior.  nearly  complete  restraint  against  radial  deflection 
at  tfie  cylinder  end.  a  maximum  deflection  at  a  distance  approximately  8 
inches  from  the  edge  of  the  closure,  and  significant  shear  strain  in  the  region 
between  ttie  end  closure  and  the  point  of  maximum  deflection.  The  influence 
ol  dll  clo,cures  was  limited  to  a  distance  of  approximately  1 6  inches  from  the 
end. 

This  befiavior  was  similar  to  tfiat  observed  by  Haynes  and  Ross.’ 

T  hen  results  of  "strain  versus  distance  trorn  edge  of  closures"  are  shown  in 
Figure  34.  On  all  the  various  length  cylinders,  the  closures  were  2  inch-thick 
ftemispfieres.  Hoop  shams  were  measured  horn  the  closure  edge  to  the 
midlenqth  ol  tfie  cylinder .  The  response  of  cylinders  with  L/D^^  =  1  and 
L/D,^  =  4  was  similar  to  that  ol  specimens  3  tfirough  8  restrained  deflectirrn 
nrrar  tltf!  Closure,  increased  dellection  between  4  and  8  inches  from  the  edge, 
and  more  uniform  rJeflection  beyond  16  inches  tor  the  cylinder  with  L/D^  =4. 

Tfie  cylinder  with  L/D^  =  8  sfrowed  that  beyond  16  inches  from  the 
edge  tfie  strains  were  relatively  unitcnm.  These  strains  aie  indicyrtive  of  ttiose 
ot  an  infinitely  long  cylinder .  Tfie  sham  values  between  1 6  inches  and  64 
Indies  frcnri  thi^  rslge  were  averaged  at  the  two  pressure  levels  (P/f^  =  0.10 
and  O.ftOl  on  tfre  cylinder  witli  L/D^  =  8.  Tfie  .iveiages  represent  a  tiase  line 
Sham  value  for  an  inlimtHly  long  c  ylinder .  Ttiese  averages  were  plotted  on 
F  luurt.'S  1  7  ilirt)U(|ti  34  as  a  iiornpar  ison  for  the  experimental  stiains  found  at 
1(.)  inches  tiom  thi-'  riosunc  In  gcaitaal  th-’se  base  line  values  weie  between  tfn' 
-diains  r.■(.■or(it;d  on  line  A  <ind  line  B  at  16  inches  from  tfie  edgo"  oi  were  neai  l\' 
>-';)ual  to  oru- ot  those  sham  values  Tins  aiiierjment  stiows  tti,it  the  strains 
otjlamed  at  lo  mcties  from  the  closure  on  specimens  1  tfirough  8  were  lepie- 
sentative  of  ttif"  strains  ot  an  infinitely  long  cylindei ,  and  the  agreement  verifies 
trial  tfie  mtluencr^  ol  tfie  closiut'  is  linuteri  to  a  rlistance  of  one  outside  diameter 
irom  tfie  edgr^  of  tfie  closure. 

Tfie  maximum  radial  deflection  was  a  result  ol  a  longitudinal  moment 
I.  reated  by  tfie  fjearmg  load  ot  the  end  closure  on  tfie  cylinder  m  conjunction 
with  the  uniform  cytinrJer  deflection.  As  pressure  loading  was  applied  and 
tfu'  concrete  cylinder  deflected  radially,  a  moment  arm  was  developed  between 
tfie  restrained  end  ot  the  cylinder  and  portions  farther  from  the  end  (Figure  35). 
Tt,e  longitudinal  moment  thus  created  c.aused  an  increased  radial  dellection 
appr  oximatrriy  8  inches  from  tfie  edge  (it  tfie  closure. 
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Exterior  Hoop  Strain  (Min./in.) 
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Figure  34.  Comparison  of  exterior  hoop  strain  behavior  for  cylinders  of 
different  lengths.  (After  Reference  1.) 


A  relative  measure  of  this  maximum  deflection  is  the  ratio  of  the 
maximum  hoop  strain  and  the  strain  at  the  midlength  of  the  cylinder  ( 1 6 
inches  from  the  edge).  This  ratio,  termed  strain  magnification  ratio,  was  c^al- 
culated  for  the  first  eight  specimens  using  strain  values  of  both  line  A  and 
line  B,  for  the  four  models  analyzed  by  the  finite  element  method,  and  foi 
the  cylinder  with  L/Dg  =  4  tested  by  Haynes  and  Ross.’  The  strain  magni- 
fic.ation  ratios  are  listed  in  Table  4.  A  high  ratio  implies  that  the  end-closure 
condition  caused  a  larger  strain  (radial  deflection)  in  the  cylinder  than  that 
found  on  a  cylinder  of  infinite  length;  a  low  value  of  the  ratio  means  that 
the  end-closure  condition  had  litile  elfeci  on  the  maximum  strain  behavior 
of  the  cylinder. 


31 


Longitudinal  Cylinder  Section 


closure 


b.  Moment  arm 
developed  by 
differential 
radial  deflection. 


Figure  35.  Schematic  diagram  of  cylindrical  hull  deflection  when  radial 
deflection  is  restrained  at  one  end. 
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Table  4.  Strain  Magnification  Ratio  at  P/f|.  =  0.10  and  0.20' 


Specimen 

and 

Closure  T ype 

Strain  Magn  fication  Ratio  at  — 

P/f;  =  0.10 

P/fc  =  0.20 

Line  A 

Line  B 

Analysis 

Line  A 

Line  B 

Analysis 

1 ,  free 

0.24 

0.12 

0.10 

0.19 

0.00 

0.14 

2,  free 

0.14 

0.17 

- 

0.24 

0.27 

- 

3.  pinned 

0,1 1 

0.16 

0.02 

0,12 

0.1 1 

0.03 

4,  pinned 

0.14 

0.07 

- 

0.20 

0.08 

- 

b.  beveled 

0.13 

0.08 

0.04 

o.ib'’ 

0.24'’ 

0.04 

6,  beveled 

0.27 

0.00 

- 

0.03 

0.00 

- 

7,  fixed 

0.24 

0.40 

0.02 

0.21 

0,25 

0.03 

8,  fixed 

0.75 

0.12 

- 

0.32 

0.21 

- 

Cylinder  with  L/D^  =  4 
of  Reference  f 

0.24 

- 

- 

0.14 

- 

- 

Strain  ratio 


iTiaxiiTuiin  strain  -  strain  at  16incties 
strain  at  16  incites 


Ratio  at  P/fc  =  0,15, 


The  experiments  sltowed  that  ad  cylinders  had  a  magnification  ratio 
greater  than  10%,  which  indicated  that  all  end  closures  prodticed  a  significant 
strain  increase.  Specimens  1  through  6  and  the  cylinder  with  L/D^  =  4  of 
Reference  1  had  similar  ratios,  the  free,  pinned,  beveled,  and  2-inch-thick 
hemispherical  closures  caused  approximately  the  same  strain  increase.  Spec¬ 
imens  7  and  8,  with  the  fixed  end  closure,  had  greater  strain  magnification 
ratios.  It  IS  believed  that  the  moment  induced  by  the  fixed  end  closure  in 
coniunction  with  the  longitudinal  moment  created  by  the  end  bearing  of 
the  closure  produced  the  larger  maximum  strain  increase. 

Strain  Variation  Around  Cylinder  Circumference.  In  general  the 
differences  in  circumferential  strams  in  a  single  specimen  weie  as  great  as 
the  strain  differences  caused  by  varying  the  end  closures  between  specimens. 
Apparently  the  end  closures  did  not  prevent  flat  spot  development  near  the 
cylinder  ends,  all  sections  of  the  cylinders  developed  similar  out-of-round 
conditions. 
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The  circumferential  strains  at  2,  8,  and  1 6  inches  from  the  closure 
showed  the  out-of-roundness  and  the  unsymmetric  response  of  the  eight 
cylinders.  The  circumferential  strain  data  m  Figures  25  through  32  have 
been  reduced  to  quantitative  parameters  at  two  pressure  levels  (P/f^  =0.10 
and  0.20)  and  are  listed  in  Table  D-1  of  Appendix  D.  A  nondimensional 
"roundness  ratio"  was  computed  as  the  difference  between  the  maximum 
and  mean  strains  divided  by  the  mean  strain.  This  ratio  was  determined  at 
locations  2,  8,  and  1 6  inches  away  from  the  edge  of  the  closure  and  at  pres¬ 
sure  levels  P/fJ,  =0,10  and  0.20.  The  roundness  ratios  are  listed  in  Table  5. 


Table  5.  Roundness  Ratio  ai  P.'fJ.  -  0. 10  and  0.20“' 


Roundness  Ratio  at  — 

SptH'irTiefi 

P/f;  =  0.10 

p/f;  =  0,20 

No. 

2  Inches 
Fnim 

Closure 

8  inenes 

From 

Closure 

16  Inches 

From 

Closure 

2  Inches 

From 

Closure 

8  lnt:hes 

From 

Closure 

16  Inches 
From 
Closure 

1 

0.7 

OOF) 

0.16 

0.16 

0.16 

0.33 

2 

U.18 

0.13 

o.:.t8 

0.08 

0.16 

0.44 

.*! 

0,12 

0.27 

0.07 

0.04 

0.20 

0.18 

0.22 

0.08 

0,04 

0.25 

0.1  1 

0.12 

5 

O.Tb 

0.22 

O.OQ 

0.09'’ 

0.27'’ 

0.15'’ 

6 

1  27 

0.21 

0.08 

1.36 

0.27 

0.20 

1 

0.17 

0.47 

0.11 

0,32 

0.20 

o.ai 

8 

0.31 

0.16 

0.19 

0.38 

0.18 

0,17 

Rnundni’s.s  rain »  - 

h 


n.axii'Hini  (  irnimferential  strain  -  mean  circuinferential  strain 
mean  circumferential  strain 


Rate  a!  P/f;.  0  15. 


A  high  roundness  ratio  indicated  that  the  cylinder  was  deflecting 
considerably  more  in  one  area  than  in  another,  that  the  cylinder  was  out-of¬ 
round,  and  that  a  flat  spot  was  developing.  A  lower  ratio  value  showed  that 
the  cylinder  was  maintaining  uniform  curvature  and  equal  deflection  around 
ttie  circumf(.>rence. 


The  roundness  ratios  listed  in  Table  5  indicated  that  out-ot-roundness 
was  random.  In  general  the  cylinders  were  not  restrained  trom  developing  a 
flat  spot  near  the  closure;  out-of-roundness  at  the  midlength  was  not  signifi¬ 
cantly  different  from  that  near  the  closure, 

A  comparison  between  the  nondimensional  roundness  ratios  and 
strain  magnification  ratios  showed  that  out-of-roundness  produced  as  much 
strain  deviation  as  that  produced  by  the  end-closure  condition.  The  end  clo¬ 
sures  induced  higher  absolute  strain  values  near  the  cylinder  end,  but  these 
strain  increases  did  not  appear  to  alter  the  flat  spot  development. 

A  further  discussion  of  minor  differences  in  circumferential  strain 
IS  continued  in  Appendix  D. 

Comparison  Between  Experimental  and  Analytical  Results 

The  finite  element  analysis  predicted  behavior  similar  to  that 
observed,  except  that  the  calculated  strains  were  between  0%  and  1 30% 
less  than  those  recorded.  Figure  36  compares  the  experimental  and  analyt 
ical  results  by  showing  the  maximum  strain  occurring  between  the  closure 
and  16  inches  from  the  closure  and  the  strain  at  16  inches  from  the  closure 
(tor  the  experimental  results,  the  mean  strain  listed  in  Table  D-1  is  shown). 


Specimens 

Figure  36.  Comparison  of  experimental  and  analytical  strain  results  at 
P/f;  =  0.20. 
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The  analysis  was  closest  for  the  cylinder  with  the  1 -inch-wall-thickness 
hemispherical  closures  at  both  ends,  because  no  abrupt  discontinuity  in  radial 
stiffness  was  introduced.  Where  more  rigid  end-closure  restraints  were  intro¬ 
duced,  the  actual  response  of  each  finite  element  along  the  cylinder  length 
was  different  from  that  of  its  neighboring  element  because  of  the  nonlinearity 
of  concrete  and  because  of  the  influence  of  triaxial  loading  on  the  concrete 
properties.  This  difference  in  response  was  particularly  important  near  the 
closure.  The  bilinear  stress— strain  curve  used  in  the  analysis  did  not  accurately 
account  for  these  real  differences  in  response  between  the  elements. 

To  analyze  the  structures  more  accurately,  the  real  concrete  stress- 
strain  curve  should  be  used  in  the  computer  program.  Nevertheless,  the  linear 
analysis  does  show  the  areas  of  stress  concentration,  which  may  aid  the  designer 
in  selecting  the  closure  which  induces  the  least  stress  conditions. 

For  cylinders  with  metal  plate  end  closures,  the  maximum  radial 
deflection  was  found  both  analytically  and  experimentally  at  a  distance  about 
one-half  the  outside  diameter  from  the  closure  edge. 


FINDINGS 

1  Variations  in  the  stiffness  of  cylinder  end  closures  did  not  significantly 
alter  the  short-term  implosion  pressures  of  concrete  cylindrical  hulls  from 
those  pressures  determined  by  Haynes  and  Ross.’ 

2.  By  using  the  concrete  strength  (f^)  as  the  failure  stress,  Lame's  elastic 
thick-wall  theory  predicted  implosion  pressures  less  than  those  of  the  models, 
which  had  a  t/Dg  =0.125,  by  approximately  10%. 

3.  For  specimens  with  a  1 -inch-thick  hemispherical  end  closure,  implosion 
resulted  from  a  high  bearing  stress  produced  at  the  joint  between  the  1-inch- 
tfiick  hemisphere  and  the  2-inch-thick  cylinder  section. 

4.  For  specimens  with  a  2-inch-thick  hemispherical  end  closure,  implosion 
resulted  from  a  concrete  compression  failure  in  the  cylinder  at  a  distance 
approximately  one-half  the  outside  diameter  from  the  hemispfierical  closure. 

5.  Tfie  pinned,  beveled,  and  fixed  end  closures  produced  similar  cylinder 
behavior  Maximum  radial  deflection  occurred  at  a  distance  from  the  closure 
equal  to  about  one-half  the  outside  diameter,  and  a  region  of  high  shear  strain 
existed  between  the  end  closure  and  the  point  of  maximum  deflection. 

6.  Cylinder  out-of -roundness  and  flat  spot  development  caused  as  much 
strain  variation  in  a  specimen  as  that  produced  by  the  different  end-closure 
conditions. 
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7.  The  influence  of  the  end  closures  was  limited  to  a  distance  equal  to  one 
outside  diameter  from  the  edge  of  the  closure. 

8.  A  finite  element  analysis  using  a  bilinear  stress— strain  curve  for  concrete 
predicted  the  general  behavior  of  cylindrical  hulls  with  various  end  closures, 
but  the  analysis  yielded  strain  values  less  than  the  values  observed. 


SUMMARY 

Variation  of  end-closure  stiffness  did  not  reduce  the  implosion 
pressure  of  cylindrical  concrete  hulls  below  the  implosion  pressure  of  a 
cylinder  with  a  free  end  condition  or  below  the  implosion  pressure  predicted 
with  Lame's  theory.  However,  rigid  end  closures  produced  a  severe  shear 
strain  near  the  closure  and  a  maximum  radial  deflection  at  a  distance 
approximately  one-half  the  outside  diameter  from  the  closure  restraint. 

The  influence  of  end-closure  stiffness  was  limited  to  the  region  one  outside 
diameter  from  the  closure. 


RECOMMENDATIONS 

In  designing  cylinder  end  closures  and  cylindrical  hulls,  the 
following  guidelines  are  recommended: 

1 .  The  bearing  load  of  the  end  closure  on  the  cylinder  should  be  applied 
at  the  center  of  cylinder  wall  thickness. 

2.  The  closure  stiffness  should  be  approximately  the  same  as  that  of  the 
cylinder  to  reduce  the  maximum  strains  and  create  a  uniform  strain  condition 
along  the  length  of  the  cylinder. 

3.  Penetrations  in  the  cylindrir,al  hull  should  not  be  placed  m  the  high-shear 
area  between  the  closure  and  one-half  the  diameter  from  the  closure. 

4.  Lame's  equation  for  thick-walled  cylinders  (Equation  1 )  may  be  used  for 

a  conservative  prediction  of  implosion  pressure  for  cylinders  with  t/Dj,  =  0.125. 

5.  Long-term  operating  pressures  for  cylindrical  hulls  with  end-closure 
restraints  should  be  based  upon  the  maximum  strain  occurring  at  one-half 
the  diameter  from  the  closure  rather  than  on  the  uniform  strain  found  at  one 
diameter  or  more  from  the  closure.  The  operating  pressure  based  on  maximum 
strain  could  be  as  much  as  30%  less  than  the  pressure  based  on  strain  of  an 
infinite-length  cylinder. 
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Appendix  A 


CONCRETE  PROPORTIONS  AND  PROPERTIES 


The  concrete  material  constituents  were  Portland  type  III  high 
early  strength  cement,  San  Gabriel  River  Wash  aggregate,  and  fresh  water, 
proportioned  as  follows:  aggregate-to-cement  ratio  was  3.30  by  weight  and 
water-to-cement  ratio  was  0.55  by  weight. 

The  aggregate  was  supplied  to  NCEL  kiln  dried  and  bagged.  The 
aggregate  was  proportioned  as  shown  in  Table  A-1 .  All  material  passed  the 
no.  4  size  sieve,  therefore,  ihe  mix  was  technically  a  mortar  or  microconcrete. 


Table  A-1.  Aggregate  Proportions 


Sieve  Size 

Designation 

Percent 

Retained 

Passing 

Retained 

no.  4 

no.  8 

29.6 

no.  8 

no.  16 

20.8 

no.  16 

no.  30 

14.7 

no.  30 

no.  50 

10.3 

no.  50 

no.  100 

7.3 

no.  100 

pan 

17.3 

The  concrete  compressive  strength,  modulus  of  elasticity,  and 
Poisson's  ratio  are  presented  in  Table  A-2.  The  results  were  obtained  from 
3  X  G-inch  control  cylinders  tested  under  uniaxial  compression  the  same  day 
the  cylindrical  structure  was  tested.  The  concrete  used  in  the  hollow  cylinder 
sections  had  an  average  compressive  strength  of  approximately  8,830  psi  and 
average  secant  modulus  of  elasticity  ol  3.37  x  10®  psi. 
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l.ihic 


Stress 


Strain 


Figure  A-1.  Construction  of  bilinear 
stress— strain  curve. 


drawing  a  vertical  line  through  the 
AB  so  that  the  area  bounded  by  e  ■ 
bounded  by  the  actual  stress— strai 
AB  was  Ep . 


A  bilinear  stress— strain 
relation  was  determined  for  the 
concrete  of  each  specimen.  An 
elastic  modulus  (Eg)  and  a  plastic 
modulus  (Ep)  were  determined  so 
that  the  area  under  the  bilinear 
stress— strain  curve  was  equal  to 
the  area  beneath  the  actual  curve. 

As  shown  in  Figure  A-1 ,  E^  was 
tound  by  ( 1 )  finding  the  strain  (e^ ) 
at  one-half  the  concrete  strength 
( 1/2  fg)  and  drawing  a  vertical  line 
at  (e  =  ),  (2)  drawing  a  straight 

line  (OA)  so  that  the  area  bounded 
by  OA  and  line  e  =  Cy  was  equal  to 
the  area  bounded  by  the  real  stress- 
strain  curve  and  line  e  =  The 
slope  of  line  OA  was  the  Eg  The 
plastic  modulus  was  tound  by  ( 1 ) 
ultimate  strain  (e  =  ),  (2)  drawing  line 

fy  and  line  e  =  was  equal  to  the  area 
curve  and  line  e  =  .  The  slope  of  line 
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Appendix  B 

DRAWINGS  OF  CYLINDER  END  CLOSURES 
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drill  1”  hole — typical 


i 


20.00“  diam 


Appendix  C 


DISCUSSION  OF  STRAIN  BEHAVIOR 
ALONG  CYLINDER  LENGTH 

FREE  END  CLOSURE  (SPECIMENS  1  AND  2) 

Figures  1  7  and  18  show  that  the  1-inch  hennispherical  end  closure 
affected  the  behavior  of  the  cylinder.  Though  the  hemisphere  provided  free 
end  restraint,  it  induced  edge  bearing  stresses  in  the  cylinder,  causing  increased 
strain  at  a  distance  of  4  inches  from  the  cylinder  edge.  Figure  17  shows  that 
at  the  lower  loads  the  corresponding  strains  on  lines  A  and  B  of  specimen  1 
were  the  same  but  at  higher  loads  line  B  had  much  higher  strains.  It  is  likely 
that  such  strain  increases  were  due  to  nonsymmetry  of  the  cylinder. 

Figure  18  shows  that  the  opposite  sides  of  specimen  2  had  similar 
behavior.  It  appears  that  the  influence  of  the  closure  was  within  a  distance 
ot  one-half  the  diameter  from  the  end  and  that  the  strains  at  greater  distances 
were  nearly  uniform. 

The  behavior  of  specimens  1  and  2  indicated  that  the  hemisphere 
restrained  the  radial  movement  of  the  cylinder  at  the  edge  while  producing 
an  increased  defleclion  between  2  and  4  inches  from  the  closure.  The  bearing 
of  the  hemisphere  on  the  outer  edge  of  the  cylinder  produced  a  shear  and 
moment  whicti  increased  the  radial  deflection. 

In  future  design  of  hemisohencal  ends,  a  lower  shear  distortion  aitd 
moment  would  result  from  centering  the  bearing  surface  of  the  hemisphere 
on  the  cylinder  wall 


PINNED  END  CLOSURE  (SPECIMENS  3  AND  4) 

F  igures  1 9  and  20  show  that  the  pinned  end  closures  provided 
signr  leant  restraint  to  radial  deflection  at  ttie  cylinder  edge.  I  f  the  cylinders 
had  t^cce,  lully  restrained  at  the  interior,  the  exterior  noop  strains  would  have 
been  approximately  200  pm. /in.  at  P/f^  =  0.20  because  of  the  radial  com¬ 
pressibility  of  tfie  concrete  and  trie  deffection  of  the  steel  plate.  Tfte  actual 
strains  at  P/fJ.  ^  0.20  were  between  500  and  900  pm  /in.  These  higher  strains 
indir,ated  that  the  pinnrrd  end  closure  of  the  model  cannot  be  considered  an 
ideal  pinned  end  fmt  rallun  one  that  approximates  the  pm-type  restraint. 
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At  low  loads  the  effect  of  the  closure  was  limited  to  a  short  distance 
from  the  end.  As  the  pressure  was  increased  the  effect  became  more  pro¬ 
nounced  at  greater  distances.  The  distance  from  the  edge  at  which  the 
maximum  strain  occurred  increased  as  the  pressure  loading  increased.  The 
maximum  strains  of  lines  A  and  B  were  between  5  and  10  inches  from  the 
edge. 

The  strain  gradient  between  the  closure  end  and  the  point  of 
maximum  strain  was  nearly  the  same  for  both  specimens.  The  gradient 
indicates  a  high-shear  area  between  the  end  and  the  point  of  maximum 
deflection. 


BEVELED  END  CLOSURE  (SPECIMENS  5  AND  6) 

Figures  21  and  22  show  that  the  beveled  end  closure  provided 
nearly  complete  restraint  to  the  radial  deflection  of  the  cylindrical  hulls. 

At  P/f^  =  0.20,  the  exterior  strains  on  specimens  5  and  6  at  the  closure  were 
between  1 50  and  250 /iin./in.  Since  a  200-/jin./in.  exterior  strain  implies  zero 
interior  strain,  the  beveled  end  closure  permitted  almost  no  radial  deflection 
at  the  cylinder  edge.  This  restraint  shows  that  the  closure  fit  snugly  onto  the 
ends,  that  the  cylinders  were  symmetric  at  the  beveled  end,  that  the  epoxy 
bond  between  the  closure  and  the  cylinder  was  good,  and  that  little  relative 
movement  between  the  closure  and  cylinder  occurred  during  test. 

The  closure  affected  the  cylinder  behavior  within  16  inches  from  the 
edge.  The  highest  strain  value  was  recorded  at  a  distance  of  one-half  the 
diameter  from  the  edge. 


FIXED  END  CLOSURE  (SPECIMENS  7  AND  8) 

Figure  23  shows  that  specimen  7  was  significantly  restrained  at  the 
closure  edge.  On  both  lines  A  and  B  the  strain  gradient  at  the  edge  indicated 
a  near  zero  strain  at  the  |Oint  between  tfie  closure  and  the  cylinder.  The  strain 
gradient  near  tfie  edge  was  steep,  with  line  B  showing  higher  strain  values  than 
those  of  line  A.  As  illustrated  in  Figure  31.  line  B  had  strains  considerably 
greater  than  the  average  strain  around  the  circumference  of  the  cylinder. 

F igure  24  shows  that  the  response  of  specimen  8  was  similar  to  that 
of  specimen  7,  except  that  lines  A  and  B  had  different  behavior.  The  strains 
on  line  B  lend  toward  zero  strain  at  the  cylinder  edge,  while  the  strains  on 
line  A  do  not.  This  means  that  at  line  A  the  cylinder  was  not  fixed  to  the 
end  Closure  at  the  joint,  but  the  cylinder  may  be  considered  fixed  at  some 
point  within  the  closure. 
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On  both  cylinders  the  maximum  strain  occurred  between  5  and  10 
inches  from  the  cylinder  edge  and  its  magnitude  was  over  4,000  (jin./in. 
Between  2  and  5  inches  from  the  edge  there  was  a  strain  decrease  or  a 
strain  plateau.  Such  behavior  was  observed  only  with  the  fixed  end  clo¬ 
sures  and  was  apparently  a  result  of  a  moment  acting  at  the  closure  edge. 
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Appendix  D 


DISCUSSION  OF  CIRCUMFERENTIAL  STRAIN 


The  very  large  strain  difference  on  specimens  7  and  8  at  a  distance 
of  2  inches  from  the  edge  indicated  that  the  specimens  were  ont-of-round 
near  the  cylinder  end  and  that  the  fixed  end  closure  did  not  prevent  the 
unsymmetric  deflection  of  the  cylinder  near  the  closure.  The  fixed  closure 
apparently  restrained  radial  movement  at  some  points  and  provided  no 
restraint  at  others.  For  specimen  7,  Figure  31  shows  that  at  0°  (line  A) 
more  restraint  was  provided  than  at  180°  (line  B).  This  behavior  corre¬ 
sponded  to  the  difference  in  the  strain  along  lines  A  and  B  given  in  Figure 
23,  Similarly  the  opposite  behavior  is  shown  in  Figure  32  for  specimen  8. 

On  one  side  of  each  cylinder  the  closure  acted  to  provide  a  fixity,  while  on 
the  opposite  side  little  restraint  was  provided.  Therefore,  the  fixed  end  clo¬ 
sure  did  not  provide  the  total  fixity  desired. 

On  specimen  6  the  strain  difference  at  2  inches  from  the  edge  was 
larger  than  at  farther  distances.  The  difference  apparently  was  due  to  a 
locall^ed  strain  increase  rather  than  a  general  nonsymmetry.  Such  a  sudden 
development  of  a  high  peak  strain  would  not  have  resulted  from  a  general 
out-of-round  condition,  this  peak  might  have  been  caused  by  the  development 
of  a  crack  at  that  point. 

Table  D-1  summarizes  the  circumferential  strain  data  by  listing  the 
strain  difference  and  mean  strain  at  locations  2,  8,  and  16  inches  from  the 
ridge  of  the  closure  and  at  pressure  levels  P/f^  =  0. 10  and  0,20.  In  general, 
the  data  of  Table  D-1  show  the  following 

1 ,  The  mean  strains  indicate  that  the  metal  plate  end  closures 
restrained  the  radial  deflection  near  the  closure. 

2,  The  similarity  m  mean  strainsat  16  inches  implies  that  the  effect 
of  the  end  closur-  s  was  negligible  at  a  distance  ol  one  diameter, 
from  the  cylinder  edge. 

3,  Strain  differences,  therefore  out-of-round  differences,  increased 
with  increasing  load. 
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Table  D-1.  Maximum  Minus  Minimum  Circumferential  Strain  and  Mean 
Circumferential  Strain  at  P/f^  =  0.10  and  0.20 


Specimen 

No. 

Maximum— Minimum 

Strain  (fiin./in.) 

Mean  Strain  (;iin./in.) 

2  Inches 

From 

Closure 

8  Inches 

From 

Closure 

16  Inches 

From 

Closure 

2  Inches 

From 

Closure 

8  Inches 

From 

Closure 

16  Inches 

From 

Closure 

At  P/f;  =  0.10 


1 

no 

190 

230 

840 

790 

740 

2 

230 

180 

500 

1 ,040 

990 

1,010 

o 

280 

790 

230 

700 

970 

970 

4 

260 

210 

90 

680 

1,000 

900 

5 

430 

350 

230 

360 

990 

1,000 

6 

530 

400 

no 

300 

630 

670 

7 

340 

810 

240 

1  10 

860 

910 

8 

420 

330 

390 

660 

990 

840 

At  P/f;  =  0.20 


1 

590 

610 

860 

2.180 

2,080 

1 ,940 

2 

441,' 

700 

1 ,630 

2.880 

2,800 

2,710 

dOr' 

1 .060 

980 

2,760 

3,050 

2,930 

4 

1 

8(K> 

1 

690 

580 

1 .630 

2,870 

2,560 

c, 

1  (XT' 

810^ 

52(V 

650^ 

1 ,800^ 

1,760' 

h 

1 .83(,) 

1 .530 

1.070 

1.040 

1.9a) 

2,340 

1 

1 ,240 

960  i 

410 

1  .OdCt 

2 .7 1 0 

2.410 

8 

l,.-{40 

_ I 

1,110 

1 .070 

1,840 

3,040 

2,540 
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LIST  OF  SYMBOLS 


n  Outside  diameter  of  cylinder  (in.) 

o 

E  Elastic  modulus  for  bilinear  stress— strain 

relationship  (psi) 

E  Plastic  modulus  for  bilinear  stress— strain 

relationship  (psi) 

Ej  Secant  modulus  (psi) 

Ultimate  uniaxial  compressive  concrete 
strength  (psi I 

L  Length  of  cylinder  (in.) 

L/Dq  Ratio  of  cylinder  length  to  outside  diameter 

P  Applied  pressure  (psi) 

P/f^  Ratio  of  applied  pressure  to  concrete  strength 

p.fn  Implosion  pressure  (psi) 

Ratio  of  implosion  pressure  to  concrete 
strength 

r.  Interior  radius  of  cylinder  (in.) 

r  Exterior  radius  of  cylinder  (in.) 

o 

t  Thickness  of  cylinder  wall  (m.) 

t/Dg  Ratio  of  cylinder  wall  thickness  to  outside 

diameter 

e  Strain  (m./in.) 

e  Ultimate  strain  (in /in.) 

e  Yiold  Strain  (m./in.) 

V 

ii  Poisson's  ratio 
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Twelve  model  concrete  cylindrical  nulls  were  subjected  to  Hydrostatic  loading  to 
determine  tne  influence  of  end-closure  stiffnes'  on  implosion  pressure  and  strain  behavior  of 
tne  cylinders.  Results  showed  that  variation  of  end-closure  stiffness  did  not  reduce  the  implo¬ 
sion  pressure  below  that  of  a  cylinder  wiln  a  free  enti  condition  or  below  ti-e  implosion  pressure 
predicted  by  elastic  tnick-wall  tneory.  To  vary  the  closure  stiffness,  concrete  hemisphere  and 
steel  plate  end  Closures  were  used  to  simulate  free,  pinned,  beveled,  a. id  fixed  end  conditions. 
Strain  variations  along  tne  length  of  tne  cylinders  indicated  that  tne  influence  of  tne  closure  was 
limited  to  a  distance  of  one  diameter  from  tne  closure.  Recommendations  are  presented  to  aid 
in  the  design  of  concrete  cylindrical  hulls. 
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Technical  Report  R-735 
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by 
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ABSTRACT 

Thirteen  hollow  concrete  spheres  of  16-inch  outside  diameter  x  14-inch 
insioe  diameter  and  one  sphere  of  66-inch  outside  diameter  x  57.75-inch  inside 
diameter  were  assembled  from  hemispheres  fastened  together  with  equatorial 
joint  rings  of  different  stiffnesses.  The  joint  rings  were  made  from  polycarbon¬ 
ate  plastic,  glass  reinforced  plastic  laminate,  aluminum,  titanium,  low  carbon 
steel,  and  alloy  steel.  After  instrumentation  with  electrical  resistance  strain 
gages,  the  spheres  were  tested  to  destruction  under  external  hydrostatic  loading. 
Equatorial  joints  that  are  either  considerably  stiffer  or  more  compliant  than 
concrete  lower  the  short-term  implosion  pressure  of  the  concrete  spheres  by 
as  much  as  27%;  the  glass  reinforced  plastic  joint  ring  did  not  significantly 
reduce  the  implosion  pressure.  It  is  recommended  that  equatorial  joint  rings 
be  designed  to  have  a  stiffness  approximately  equal  to  that  of  the  concrete 
shell  and  be  made  of  glass  reinforced  plastic.  If  stiffer  joint  rings  are  used,  the 
operational  pressure  should  be  30%  lower  than  that  of  a  sphere  without  a  mechan¬ 
ical  lock  joint  mechanism. 
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INTRODUCTION 


Statement  of  Problem 

Undersea  spherical  capsules  made  of  concrete  to  contain  instruments 
or  some  other  payload  require  that  the  interior  be  readily  accessible  for  loading 
and  unloading.  Access  to  the  interior  may  be  through  a  hatch  located  in  a  pene¬ 
tration  through  the  hull  or  by  separation  of  the  sphere  at  the  equator.  The  latter 
is,  in  many  cases,  preferable,  because  it  permits  access  to  the  whole  interior  of 
the  capsule  for  rapid  placement  or  removal  of  payload. 

Exploratory  research’’^  on  the  incorporation  of  hatches  into  concrete 
spherical  capsules  has  been  conducted,  and  sufficient  data  are  on  hand  to  per¬ 
mit  preliminary  design  of  hatch  penetrations  in  concrete  spheres.  However, 
no  information  is  available  on  spheres  with  a  mechanical  joint  at  the  equator. 
Because  it  is  not  known  what  effects  a  mechanical  joint  has  on  the  magnitude 
and  distribution  of  strains  O'"  on  the  strength  of  concrete  spheres,  the  design 
of  equatorial  joints  for  concrete  spheres  is  a  matter  of  engineering  judgment. 
Therefore,  experimental  data  are  needed  on  the  relationship  between  joint 
stiffness  and  implosion  pressure  for  spheres  under  hydrostatic  loading. 

Objective  of  Study 

The  objective  of  this  study  was  to  explore  experimentally  the 
relationship  between  the  stiffness  of  equatorial  joint  rings  and  ( 1 )  the 
implosion  pressure  of  the  sphere  assembly,  (2)  the  distribution  of  strains, 
and  (3)  the  magnitude  of  strains  in  the  sphere. 

The  experimental  data  generated  in  this  exploratory  study  serve 
two  purposes.  They  permit  a  rational  design  of  spherical  concrete  capsules 
with  equatorial  joints  and  serve  as  basis  for  future  analytical  studies  attempting 
to  correlate  the  stiffness  mismatch  between  the  concrete  hull  and  equatorial 
joint  ring  with  the  magnitude  of  strains  and  implosion  pressure  of  the  spherical 
hulls. 
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Background  Information 


Four  previous  studies’'^  have  shown  that  concrete  is  an  effective 
material  for  the  construction  of  undersea  pressure  resistant  structures 
Experiments^'^  using  concrete  spheres  with  IB-inch  OD  (outside  diameter) 
and  different  wall  thicknesses  have  shown  that  the  implosion  pressure,  Pi^,* 

IS  predictable  if  the  ratio  of  thickness  to  outside  diameter,  t/D^,  and  the 
concrete  strength,  f^,  are  known. 

The  cbiective  of  the  first  exploratory  study’  of  concrete  spherical 
hulls  was  to  establish  the  basic  performance  parameters  of  unreinforced  con¬ 
crete  spherical  hulls.  Model  concrete  spheres  with  16-inch  OD  and  14-inch 
ID  (inside  diameter)  were  cast  using  the  same  mix  design  and  were  subjected 
to  similar  curing  conditions.  When  they  were  tested  to  destruction,  the  average 
ratio  of  implosion  prp<;<;ure  to  concrete  strength  (P,^  /f^)  was  found  to  be  0,293 
with  a  standard  deviation  of  only  0.008. 

Ttie  second  exploratory  investigation^  concentrated  on  the  relationship 
between  stiffness  of  a  penetration  insert  and  the  implosion  pressure  of  the 
concrete  spherical  hull.  Figure  1  shows  a  typical  specimen  studied  in  this 
investigation.  The  preliminary  design  guide  that  resulted  from  the  study 
indicates  that  for  round  penetrations  with  a  spherical  angle  less  than  or  equal 
to  32  degrees,  the  penetration  insert  should  be  of  equal  or  greater  stiffness 
than  that  of  the  replaced  concrete  in  order  not  to  decrease  the  implosion 
nressure  of  the  spherical  hull.  A  model  of  an  ocean  bottom  habitat  was 
bill  It  and  tested  to  destruction  to  prove  the  applicability  and  validity  of 
this  finding.  The  results  from  that  test  verified  this  1  asir  design  guide. 

Scope  of  Investigation 

The  primary  study  was  an  experimental  investigation  of  spherical 
eon;  ret"  liuHs  with  equatorial  joint  rings  made  of  various  materials.  Eleven 
itoncrrge  spheres  were  tested  to  implosion  under  short-term  hydrostatic  loading. 
Th.;  IG-inch-OD  x  14  inch-ID  spheres  were  equipped  with  rings  of  different 
rigidities  at  the  joint  between  the  two  hemispheres. 

The  experimental  data  recorded  during  these  tests  consisted  of  strains 
m.r.visured  on  the  interior  and  exterior  surfaces  of  the  concrete  hull,  strains 
measured  on  the  equa’  jnal  ring,  the  pressure  at  which  the  sphere  imploded, 
and  the  fracture  pattern  after  failure. 

A  secondary  phase  of  the  investigation  was  to  design  an  operational 
equatoritil  joint  for  two  16-inch-ODx  14-inch- ID  spheres  and  for  a  66-inch-OD 
x  57  3/4-inch-ID  sphere.  These  three  specimens  were  also  instrumented  and 
pr(,'ssuri/ed  to  implosion  This  second  phase  is  described  in  Appendix  A. 

■  A  folduut  list  of  synibols  appears  after  References. 
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Insert  materials  investigated 

Plastic  (PVC)  -  E  =  0.35  x  10®  psi 
Oyp  *  4,000  psi 

Aluminum  — E  =10x10®  psi 

Oyp  =  60x  10®  psi 

Steel  -E  =30x10®  psi 

Oyp  =  90,000  psi 


Figure  1 .  Concrete  spherical  specimen  with  penetration  inserts 
previously  investigated. 


DESIGN  OF  EXPERIMENT 

Joint  r  mg  rigidity  was  varied  over  as  wide  a  range  as  possible  to 
establish  an  empincdi  relationship  between  the  rigidity  of  the  ring  and  the 
behavior  of  the  sphere  under  hydrostatic  loading.  The  rings  selected  for  this 
phase  cf  the  invest'gafior'  mnrniy  simulated  operational  lock  joints;  operational 
ones  would  entail  only  additional  expense  without  benefiting  the  test  program. 

The  radial  stiffness  nif  the  rings  was  varied  by  a  factor  of  more  than 
1 00  by  selecting  materials  with  different  elastic  moduli  and  by  changing  the 
cross  section  of  the  ring.  The  various  test  assemblies  are  listed  in  Table  1 . 


FABRICATION  OF  SPECIMENS 

The  test  specimens  were  formed  from  two  16-inch-OD  x  14-inch-ID 
concrete  hemispheres  and  a  1 7.40-inch-OD  x  13.48-inch-ID  x  0.50-inch-thick 
solid  ring  (Figure  2).  The  concrete  hemispheres  were  formed  so  that  when 
the  hemispheres  and  ring  were  assembled  the  specimen  would  be  a  true  sphere 
within  tolerances  of  ±  1/32  inch  in  the  radial  direction. 
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0.200 


Hemispheres 

The  concrete  constituents  were  Portland  type  II I  cement,  San  Gabriel 
River  Wash  aggregate,  and  freshwater  The  water-to-cement  ratio  was  0.55  by 
weight,  and  thr-  aggregale-to-cement  ratio  was  3.30  by  weight.  Table  2  presents 
th-  proportions  of  the  aggregate. 

The  concrete  hemisptieres  were  cast  in  a  rigid  male  and  female  aluminum 
re, (lid  (F'ciurr;  3)  The  molds  were  prepared  for  casting  by  initially  spraying  the 
cilummum  with  clear  enamel  paint  and  then  applying  a  coat  of  silica  grrjase.  An 
e.xiernai  form  vibrator  was  attached  to  the  underside  of  the  mold  and  was  in 
.operation  througnout  the  casting  process.  The  concrete  was  mixed  m  a  pan- 
l  .  ri"  mixer  for  a  total  of  3  minutes  and  slowly  placed  into  The  mold,  usually 
within  th<  next  4  minutes  The  concrete  was  then  screedeci  to  1/4  inch  below' 
tri!  top  edfjf,  of  tfit;  form 
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Table  r  rroportions  of  Aggregate 


Sieve  Si^e  Designation 

Percent 

Retained 

Passing 

Retained 

No.  4 

No.  8 

29.6 

No.  8 

No.  16 

20.8 

No,  16 

No.  30 

14.7 

No,  30 

No.  50 

10.3 

No,  50 

No.  100 

7.3 

No,  100 

pan 

17.3 

Figure  3.  Mold  used  in  casting  concrete  spheres  of  16-inch  external  and 
14-inch  internal  diameter. 


The  hemisphere  was  removed  from  the  mold  on  the  day  after  casting. 
The  interior  surface  was  usually  pitted  with  some  small  air  pockets;  these  were 
fully  exposed  by  rubbing  with  steel  wool.  The  voids  were  filled  with  a  cement 
paste  of  type  1 1 1  Portland  cement  and  pan-size  aggregate  in  a  ratio  of  1 ;  1  with 
only  sufficient  water  to  make  a  workable  mix.  The  hemisphere  was  cured  for 
27  days  in  an  environment  of  100%  relative  humidity  and  73°F.  Thereafter 
the  concrete  was  cured  under  room  conditions  (30  to  70%  relative  humidity 
and  45°F  to  80°F)  for  approximately  100  days. 

Six  3  X  6-inch  control  cylinders  were  cast  with  each  hemisphere. 

These  cylinders  were  used  to  determine  the  uniaxial  compressive  strength  of 
the  concrete.  One  of  the  six  was  instrumented  with  a  90-degree  strain  rosette 
of  two  BLFI  (Baldwin-Lima-Flamilton)  A-5-S6  electrical  resistance  gages  to 
obtain  measurements  of  the  modulus  of  elasticity  and  Poisson's  ratio  of  the 
concrete.  The  compressive  strength  of  concrete  for  all  the  spheres  varied 
from  9,810  to  1 1 ,740  psi.  The  average  secant  modulus  of  elasticity  for  the 
concrete  was  determined  to  be  3.57  x  10®  psi,  and  the  average  Poisson's  ratio 
was  0.16:  individual  cylinder  data  are  described  in  Appendix  B. 

Joint  Rings 

Various  materials  were  used  to  make  the  rings;  polycarbonate  plastic, 
glass  fiber  reinforced  plastic  (GRP,  fiberglass),  aluminum,  titanium,  and  low 
carbon  and  41 30  alloy  steel.  All  rings  were  machined  from  flat,  solid  plates 
originally  19  inches  in  diameter  and  3/4  to  1-1/2  inches  thick,  depending  on 
tfie  ring  cross  section  (Figure  2).  Machine  tolerances  were  within  +0.005  inch. 

For  each  ring,  four  material  control  specimens  were  machined  from 
the  same  plate  used  for  machining  the  ring.  The  control  specimens  were 
cylinders  1/2  inch  m  diameter  and  2  inches  in  length. 

To  measure  the  modulus  of  elasticity,  all  material  cylinders  were 
instrumented  with  two  BLH  FAE-25-12S6  electrical  resistance  strain  gages 
on  opposite  sides  of  the  specimen.  To  measure  Poisson's  ratio,  a  BLH  FAE- 
1 2S-35S1 3  electrical  resistance  strain  gage  was  oriented  in  the  hoop  direction 
at  midlength  of  all  cylinders.  The  compressive  yield  stress  of  the  joint  ring 
material  varied  from  8,320  to  140,800  psi,  the  modulus  of  elasticity  from 
0.39  X  10®  to  30.0  x  10®,  and  the  Poisson's  ratio  from  0.23  to  0.40,  depen¬ 
ding  on  the  joint  ring  material  (Appendix  B). 

Spheres 


The  spheres  were  fabricated  by  bonding  a  ring  between  two  hemispheres; 
an  epoxy  bonding  agent,  Furane  Plastics  Epocast  8288,  was  used.  The  annular 
mating  surface  of  each  hemisphere  section  was  ground  smooth  and  level  by 
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rotating  the  hemisphere  on  a  sheet  of  plate  glass  covered  with  water  and  silica 
carbide  grit  no.  60.  The  concrete  mating  surface  was  then  cleaned  and  etched 
with  a  10%  hydrochloric  acid  solution  to  ensure  good  bond  between  the  epoxy 
and  the  concrete.  All  rings  were  cleaned  with  acetone  to  ensure  a  good  bond 
with  the  epoxy  adhesive.  The  titanium  ring  for  sphere  10  was  etched  with  a 
solution  of  one  part  hydrochloric  and,  one  part  nitric  acid,  and  two  parts 
glycerin.  The  aluminum  joints  for  spheres  4  and  1 1  were  etched  with  a  10% 
phosphoric  acid,  1%  hydrofluoric  acid  solution.  The  other  rings  were  not 
etched. 

The  adhesive  was  spread  smooth  in  the  groove  of  the  ring,  and  one 
hemisphere  was  inverted  and  placed  into  the  groove  (Figure  4).  The  hemisphere 
was  rotated  to  ensure  bonding  between  it  and  the  ring.  After  the  adhesive  had 
cured  1  day,  the  second  hemisphere  was  bonded  to  the  ring/hemisphere  assembly 
(Figure  5). 

Subsequently,  a  steel  feedthrough  was  epoxy-bonded  at  the  apex  of  the 
top  hemisphere  for  attaching  the  sphere  to  the  pressure  vessel  end  closure  and 
for  passing  the  instrumentation  wires  from  the  interior  of  the  sphere.  Another 
feedthrough,  in  the  bottom  hemisphere,  allowed  strain  gage  lead  wires  attached 
to  gages  on  the  sphere  exterior  to  be  led  into  the  interior.  The  bottom  pene¬ 
tration  was  also  bonded  to  the  concrete  with  epoxy  and  was  carefully  potted 
with  epoxy  to  ensure  that  no  water  leaked  into  the  specimen  along  the  wire 
insulation. 

The  completed  sphere  was  painted  with  a  thin  coat  of  clear  epoxy  to 
prevent  water  permeation  into  the  concrete. 


rjS’^RU.VENFATIoN 


All  specimens,  except  -ipheres  4.  10,  and  1 1,  were  instrumented  with 
electrical  resistance  strain  gages  applied  to  one  of  the  concrete  hemispheres  and 
the  )oint  ring.  Three  3-gage,  45-degree  rosettes  and  two  2-gage,  90-degree  rosettes 
were  used  on  both  the  interior  and  exterior  surfaces  of  the  hemisphere  (Figures 
6  and  7).  The  rosettes  were  fabricated  from  single  BLH  A-5-S6  resistance  gages. 
The  median  of  the  lOint  ring  was  designated  as  the  "equator."  Five  latitudes 
were  chosen  for  strain  gage  locations:  7.5,  22.5,  37.5,  55.0,  and  72.5  degrees 
from  the  equator. 

Longitudinal  (meridional)  and  latitudinal  (hoop)  gages  were  positioned 
at  each  latitude.  At  three  levels  of  latitude,  7.5,  37.5,  and  72.5  degrees,  the 
angle  between  the  meridian  and  latitude  was  bisected,  forming  a  45-degree 
line.  A  gage  was  positioned  on  each  of  these  45-degree  lines.  The  interior 
and  exterior  gages  were  placed  radially  opposite  each  otfier. 
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Figure  4.  Typical  hemisphere  assembly  with  simulated  lock  joint  ring. 


Figure  5.  Typical  assembled  sphere  with  simulated  lock  joint  ring  prior 
to  insertion  of  penetrators. 
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Figure  6.  Location  of  strain  gages  on  sphere's  interior. 


An  interior  and  an  exterior  gage  were  placed  on  the  ring  at  and 
parallel  to  the  equator.  Dentronic  204N-C6  electrical  resistance  strain  gages 
were  used  on  the  rings. 

After  lead  wires  were  soldered  to  each  gage,  the  gages  were  covered 
with  a  microcrystalline  wax  waterproofing  compound.  The  lead  wires  from 
the  interior  gages  were  led  from  the  interior  through  the  upper  feedthrough. 
The  exterior  lead  wires  were  run  down  along  the  sphere  surface,  through  the 
bottom  feedthrough,  then  up  and  out  of  the  sphere  through  the  upper  feed¬ 
through  (Figure  8). 


TEST  PROCEDURE 

The  concrete  spheres  were  tested  under  hydrostatic  pressure  in  an 
18-inch-ID  pressure  vessel.  The  upper  feedthrough  was  securely  fastened  to 
the  pressure  vessel  end  closure  (Figure  8),  and  the  end  closure  was  seated  and 
locked  in  place.  The  lead  wires  were  connected  to  the  strain  balancing  and 


recording  unit  (Budd  System  Datran  Digital  Strain  Indicator  and  Printer 
Control  Unit).  A  Bourdon-type  pressure  indicator,  accurate  to  5  psi,  was 
connected  to  the  vessel,  and  the  vessel  was  filled  with  water. 

The  specimen  was  pressurized  at  a  loading  rate  of  100  psi/min  until 
implosion  occurred.  Strain  readings  were  taken  every  100  psi.  After  implosion, 
the  concrete  fragments  and  the  ring  were  removed  from  the  pressure  vessel  and 
inspected  to  determine  where  the  fracture  initiated  and  the  quality  of  the  bond 
between  the  concrete  hemispheres  and  the  ring. 

Concurrently  with  the  sphere  test,  the  associated  concrete  cylinders 
were  tested  to  destruction  under  uniaxial  compression. 


Wire  feedthrougfi  penctraior 


Figure  7.  Location  of  strain  gages  on  sphere's  exterior. 
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Figure  8.  Sphere  assembly  attached  to  pressure  vessel  end  closure  being 
lowered  into  18-inch-diameter  vessel. 
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TEST  OBSERVATIONS 


Implosion  Failure 

All  specimens  failed  by  a  violent,  sudden  implosion,  which  shattered 
the  concrete  into  many  fragments.  Table  3  lists  the  implosion  pressure,  , 
and  the  ratio  of  implosion  pressure  to  concrete  strength,  ^or  each 

specimen.  Also  listed  are  the  ring  material  strengths  and  the  relative  stiffnesses 
of  the  ring  and  sphere.  For  all  specimens,  the  concrete  strength  listed  in  Table 
3  is  the  lower  strength  of  the  two  hemispheres.  The  ratio  P|p,/fc  is  used  to 
account  for  any  variation  in  concrete  strength  between  specimens.  As  noted 
before,  a  previous  study^  has  shown  a  linear  relation  between  implosion  pres¬ 
sure  and  concrete  strength,  therefore,  specimens  of  different  strengths  can  be 
compared  by  using  the  parameter  Pj^/f'. 

Inspection  of  the  broken  fragments  of  the  concrete  sphere  and  the 
joint  ring  showed  the  following: 

1.  The  polycarbonate  plastic  ring  of  sphere  1  was  the  only  ring 
fractured  during  the  test  (Figure  9). 

2.  For  all  spheres  except  spheres  3  and  5,  the  remnants  of  concrete 
were  securely  bonded  to  the  ring  as  shown  in  Figures  1 0  and  11.  On  the 
aluminum  ring  of  sphere  3  and  the  titanium  ring  of  sphere  5,  the  concrete 
was  completely  stripped  from  the  ring;  yet  the  epoxy  remained  bonded  to 
the  fragments  of  the  concrete.  On  spheres  4,  10,  and  1 1,  also  made  of  tita¬ 
nium  and  aluminum,  the  bond  was  satisfactory. 

3.  On  all  spheres  except  spheres  3  and  5,  a  distinct  cone-type  concrete 
compression  failure  could  be  observed  near  the  joint.  Although  some  ponions 
of  the  sphere  remained  attached  to  a  section  of  each  ring,  the  shear  plane  indi¬ 
cated  that  the  concrete  failure  was  initiated  near  the  equatorial  joint.  The 
cone-type  failure  was  a  reasonable  indication  that  the  concrete  failed  because 
the  compressive  stresses  exceeded  the  compressive  strength  of  the  concrete. 

Strain  Results 

The  general  behavior  of  the  concrete  spheres  under  hydrostatic  loading 
was  observed  by  recording  surface  strains  at  various  pressure  levels  and  reducing 
them  to  principal  strains  along  longitudinal  and  latitudinal  directions. 

All  specimens  imploded  with  a  maximum  recorded  concrete  strain 
greater  than  3,500  in./in.  Except  for  spheres  1  and  2,  the  maximum  strain 
was  in  the  longitudinal  direction  at  latitude  7.5  degrees,  yet  those  maximum 
strains  had  a  wide  variation  between  3,700 /i in. /in.  and  9,000+  /lin./in. 
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Figure  9.  Fractured  polycarbonate  plastic  joint  ring  after  implosion  testing 
of  sphere  assembly. 


Figure  10.  Steel  ring  with  remnants  of  concrete  securely  attached.  (View 


of  sphere's  interior.) 


^  I  tcAMlDcBN  • 

Figure  1 1 .  Steel  ring  with  remnants  of  concrete  securely  attached.  (View 
of  sphere's  exterior.) 


Figures  12,  13,  and  14  present  the  results  of  the  longitudinal  and 
latitudinal  strain  for  the  interior  and  exterior  of  spheres  1, 2,  and  6,  respec¬ 
tively.  These  results  are  typical  of  the  strain  patterns  produced  by  an  equatorial 
joint  ring  less  stiff,  slightly  stiffer,  and  much  stiffer  than  the  concrete  replaced 
by  the  ring.  Appendix  C  presents  the  strain  results  for  all  spheres  except  spheres 
4,  1 0,  and  1 1 ,  which  were  not  instrumented.  The  abscissa  of  these  graphs  is 
the  latitude  in  degrees  (spherical  angle)  at  which  the  strain  was  measured. 

The  median  of  the  joint  ring  was  the  equator  (zero  degrees).  The  ordinate 
IS  the  strain  in  /im./in.  The  strain  values  have  been  plotted  for  several  pressure 
loading  levels  expressed  as  a  nondimensional  ratio  of  applied  pressure  to  con¬ 
crete  strength,  P/fj, 

As  a  reference,  the  average  strain  magnitude  for  a  sphere  without  a 
|Oint  has  also  been  plotted.  These  strain  values  were  obtained  in  previous 
studies.’"^ 
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Figure  13.  Interior  and  exterior  strains  for  sphere  2  with  joint  ring 
stiffness  slightly  greater  than  concrete  sphere  stiffness. 


DISCUSSION  OF  RESULTS 


Implosion  Behavior 

An  effective  means  of  relating  the  behavior  of  the  different  joint 
rings  in  the  concrete  spheres  was  to  calculate  a  relative  stiffness  for  the  rings. 
This  relative  stiffness  is  expressed  as 


R 


E,  A, 

Ec  Ac 


where  R 

Ec 

Ac 

Ec 

Ac 


relative  stiffness 

modulus  of  elasticity  of  ring  material 

cross-sectional  area  of  joint  ring 

secant  modulus  of  elasticity  of  concrete 

area  of  concrete  removed  and  replaced  by  joint  ring 


Figure  1 5  is  a  graphical  presentation  of  the  Pim/^c  relationship  versus 
the  relative  stiffness  of  the  1 1  rings  plus  two  operational  specimens  discussed 
in  Appendix  A.  Where  the  relative  stiffness  equals  unity,  the  plotted  values 
of  Pjm  /fc  are  for  spheres  which  were  tested  in  previous  studies’"^  and  which 
did  not  include  a  joint  ring  at  the  equator. 

Figure  15  illustrates  the  following: 

1 .  A  ring  with  a  stiffness  one-fifth  that  of  the  concrete  caused 
implosion  failure  at  a  pressure  27%  less  than  a  sphere  with  no 
ring. 

2.  A  ring  with  a  stiffness  greater  than  1 5  times  that  of  the  concrete 
caused  implosion  about  18%  lower. 

3.  A  ring  stiffness  1.2  times  that  of  the  concrete  caused  only  a  5% 
reduction  in  implosion  pressure.  The  latter  difference  is  within 
the  experimental  variation  for  spheres  without  mechanical  joints. 

At  a  relative  stiffness  greater  than  15,  the  Pj^/^c  varied  little. 

The  variation  of  Pj^  /f'  among  specimens  6,  7,  8,  and  9  (all  with  a  steel  joint) 
indicates  that  changes  in  the  ring  stiffness  do  not  further  influence  the  failure 
pressure  of  the  concrete  sphere.  In  effect  a  ring  with  a  relative  stiffness  greater 
than  15  may  be  regarded  as  an  "infinitely"  stiff  or  "perfectly"  rigid  joint, 
because  any  increase  in  joint  stiffness  does  not  affect  the  structural  behavior 
of  the  sphere. 


Ratio  of  Implosion  Pressure  to  Concrete  Strength, 


sphere  under  external  hydrostatic  loading. 

At  a  relative  stiffness  less  than  unity,  the  Pi^  /f^  appears  to  decrease 
rapidly.  This  agrees  with  results  of  Reference  2,  where  hull  penetrations  with 
a  stiffness  less  than  that  of  concrete  caused  a  significant  decrease  in  implosion 
pressure,  while  the  stiffer  penetrations  did  not. 

This  study  has  not  clearly  defined  the  relation  between  /f^  and 
relative  stiffness  in  the  1  through  15  range.  Structurally  there  is  no  apparent 
reason  why  a  sphere  with  a  ring  of  intermediate  stiffness  should  fail  at  a  pres¬ 
sure  lower  than  spheres  with  an  infinitely  stiff  ring.  Therefore,  the  curve  of 
Figure  15  has  not  been  drawn  through  the  points  for  specimens  3,  5,  and  10. 

Failure  of  both  specimens  with  a  titanium  ring  (specimens  5  and  10) 
at  nearly  the  same  P|n,''^c  shows  that  both  were  fabricated  in  the  same 
manner,  but  it  does  not  necessarily  mean  that  any  sphere  with  that  relative 
stiffness  would  fail  at  the  lower  pressure.  Specimen  1 1 ,  with  an  aluminum 
)Oint  only  slightly  stiffer  than  the  titanium  ring,  failed  at  nearly  the  same 
pressure  as  a  sphere  without  a  joint  ring. 

The  lower  implosion  pressures  of  specimens  5  and  10  were  probably 
due  to  poor  fabrication  of  the  jointed  specimens.  After  sphere  5  failed  and 
the  poor  bond  between  the  ring  and  concrete  was  observed,  it  was  believed 
that  the  poor  bond  caused  the  lower  implosion  pressure.  Sphere  10  was  then 
fabricated  with  measures  taken  to  ensure  that  the  titanium  ring  was  carefully 
acid-etched  to  improve  the  bond.  The  test  on  sphere  10  showed  that  the  bond 
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was  adequate,  yet  the  specimen  failed  at  the  same  low  pressure  as  sphere  5. 

It  was  then  hypotf, esized  that  the  ring  was  inducing  an  added  stress  raiser  not 
present  with  the  other  rinqs.  Because  of  the  very  close  tolerance  between  the 
ring  and  the  hemispheres,  one  section  of  a  hemisphere  of  specimens  5  and  10 
may  have  rested  on  the  inner  lip  of  the  ring  rather  than  on  the  bottom  of  the 
grocivo.  This  fabrication  error  was  encountered  in  a  later  specimen,  but  the 
situation  was  corrected  before  the  epoxy  set  up.  Such  incorrect  seating  would 
not  have  been  detected  by  the  limited  strain  gage  layout.  It  appears  from  the 
test  results  that  poor  seating  of  the  hemisphere  did  not  occur  in  any  other 
sphw  es  whose  ring  had  the  same  groove  dimension  as  the  titanium  ring. 

To  cfieck  the  hypothesis,  the  aluminum  ring  for  specimen  1 1  was 
designed  with  a  larger  groove  (the  inner  radius  of  the  groove  was  reduced) 
and  witfi  a  stiffness  approximately  that  of  the  titanium  ring.  The  larger 
(irnovt:  ensured  tliat  the  hemispheres  of  specimen  1 1  would  .seat  properly. 

The  ‘vpox’.  whict'i  filled  the  space  between  the  hemispheres  and  the  inner  lip 
of  till:  rina  did  n-strain  the  radial  movement  of  the  hemisphere  at  the  joint, 
but  tile  restraint  was  not  as  much  as  if  the  hemisphere  had  been  resting 
dir-'ctly  against  the  inner  lip. 

Pressure  testing  of  spfiere  1 1  showed  that  it  implod  .  .  a  qitwsore 
sirimficantly  greater  than  that  of  spheres  5  and  lih  '^.oerefore,  it  was  concluded 
that  the-  lower  implosion  pressures  of  sphc",:.  o  and  10  were  due  to  poor  fabri¬ 
cation  of  the  specimens  and  wore  not  ti  e  general  structural  response  of  spheres 
with  a  ring  of  a  particular  relative  stiffness. 

It  is  believed  that  drying  shrinkage  of  the  concrete  hemispheres  caused 
the  dimensional  change  which  resulted  in  the  poor  seating  in  spheres  5  and  10. 
Such  shrinkage  would  also  have  been  present  in  all  other  hemispheres.  The 
magnitude  of  change  was  sufficiently  large  in  spheres  5  and  10  to  cause  a 
differf.-nce  m  results. 

The  spread  of  values  in  Figure  15  was  principally  a  result  of 

variation  of  the  ring  stiffness,  yet  the  quality  of  fabrication  of  the  specimen 
(tfiat  IS,  how  the  hemispheres  fit  into  the  joint  grooves)  was  an  important 
factor  in  the  implosion  results. 

The  quality  of  attachment  of  the  ring  was  difficult  to  control  m  the 
experimental  study.  Attaching  operational  mechanical  joints  to  hemispheres 
would  also  be  difficult  in  practice.  Therefore,  the  lower  implosion  pressures 
stiould  be  used  when  considering  the  ojierational  characteristics  of  a  sphere 
with  a  metal  joint  ring.  Thus  would  ensure  a  conservative,  safe  de.sign. 

Strain  Behavior 

Longitudinal  Strain.  For  all  spheres  the  equatorial  joint  ring  induced 
a  longitudinal  strain  on  the  interior  surface  adjacent  to  the  joint  greater  than 
the  strain  on  a  uniform  unjoin  ted  sphere  at  the  same  P/f^  level. 


22 


The  longitudinal  strain  behavior  for  the  different  spheres  is  characterized 
as  follows: 

1.  Where  the  ring  stiffness  was  less  than  the  concrete  stiffness,  interior 
and  exterior  strains  were  nearly  uniform  but  were  greater  than  the  strain  of  a 
uniform  sphere. 

2.  Where  the  ring  stiffness  was  slightly  greater  than  the  concrete 
stiffness,  the  interior  and  c:xterior  strains  were  nearly  uniform  and  were  only 
slightly  greater  than  the  strain  of  a  uniform  sphere. 

3.  Where  the  ring  stiffness  was  significantly  greater  than  the  concrete 
stiffness,  the  interior  and  exterior  strains  were  very  nonuniform.  The  difference 
in  strain  gradient  between  latitudes  on  the  interior  and  exterior  indicated  high 
shearing  strain,  and  the  strain  di.ferences  indicated  i.ncreased  curvature  near 

the  joint  and  the  apex  and  decreased  curvature  in  the  midlatitudes.  The 
maximum  strain  adjacent  to  the  joint  was  much  greater  than  the  strain  of 
a  uniform  sphere. 

Latitudinal  Strain.  The  latitudinal  strain  behavior  of  the  spheres  is 
characterized  as  follows: 

1 .  Where  the  ring  stiffness  was  less  than  the  concrete  stiffness,  the 
interior  and  exterior  strains  were  greater  than  those  of  a  uniform  sphere.  The 
wide  strain  difference  between  surfaces  shows  that  the  ring  significantly  altered 
the  normal  behavior. 

2.  Where  the  ring  stiffness  was  slightly  greater  than  the  concrete 
stiffness,  the  strains  were  nearly  the  same  as  those  of  a  uniform  sphere. 

3.  Where  the  ring  stiffness  was  significantly  greater  than  the  concrete 
stiffness,  the  interior  and  exterior  strains  were  the  same  or  lower  than  the 
strain  of  a  uniform  sphere.  The  very  low  strain  near  the  joint  with  increasing 
strain  at  greater  latitudes  indicates  that  the  ring  restrained  the  sphere  deflection. 

Bending  Moment  Response 

The  general  behavior  of  the  spheres  can  be  more  easily  visualized  in 
terms  of  the  longitudinal  bending  moment  induced  in  the  jointed  sphere.  The 
interior  and  exterior  longitudinal  and  latitudinal  stresses  were  calculated  at 
P/fj  =  0.20.  Graphs  of  stress  versus  latitude  and  the  manner  in  which  the 
stresses  were  computed  are  presented  in  Appendix  D. 

To  calculate  the  longitudinal  moment,  it  was  first  assumed  that  the 
stress  distribution  across  the  wall  thickness  was  linear.  In  a  simple  analogy 
to  concrete  beam  theory,  this  assumption  would  imply  that  the  total  com¬ 
pressive  load,  C,  is  carried  in  a  trapezoidal  stress  block,  higher  stress  at  the 
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interior  surface.  In  a  sphere  with  no  bending,  the  centroid  of  this  stress  block 
is  located  on  the  neutral  plane;  a  force  acting  in  this  plane  creates  no  bending. 
In  this  case,  where  there  are  bending  stresses  in  the  sphere,  the  loading  is 
resolved  into  a  concentrated  load  at  the  neutral  plane  and  a  couple.  The 
following  method  was  used  for  the  moment  calculation: 

1 .  From  jointless  spheres  tested  in  a  previous  study,  the  basic  stress 
block  was  determined  and  the  neutral  plane  was  established  at  a  distance  of 
0.493  inch  from  the  interior  surface  of  the  sphere,  or  at  a  radius  of  7.493 
inches. 


2.  The  previously  calculated  interior  and  exterior  stresses  were  used 
to  determine  the  stress  block  at  each  latitude  for  the  eight  specimens. 

3.  The  basic  stress  block  was  then  subtracted  from  the  stress  blocks 
of  step  2  (above)  at  the  many  locations,  resulting  in  a  typical  bending  stress 
diagram  for  each  latitude. 

4.  The  areas  of  the  bending  stress  diagrams  were  used  to  calculate 
the  added  load  at  the  particular  latitude,  the  eccentricity  of  that  load,  and 
the  couple  acting  at  that  latitude. 

These  calculated  moments  are  listed  in  Table  4  and  are  plotted  against 
the  degrees  of  latitude  for  each  specimen  in  Figure  16.  Positive  moments  are 
those  which  tend  to  increase  the  sphere  curvature;  negative  moments  are  those 
which  tend  to  decrease  it. 

It  can  be  seen  from  Figure  16  that  spheres  with  rings  stiffer  than  concrete 
demonstrate  a  similar  moment  pattern:  a  high  positive  moment  near  the  equator, 
a  negative  moment  in  the  latitude  range  of  20  to  60  degrees,  and  a  decrease  to 
approximately  zero  or  change  to  a  somewhat  positive  moment  near  the  apex. 

This  moment  pattern  definitely  indicates  that  the  restraint  imposed  by  the 
ring  induces  a  significant  bending  behavior  in  the  spheres.  The  magnitude  of 
positive  bending  moment  is  particularly  large  in  spheres  with  joint  rings  whose 
relative  stiffness  is  more  than  twice  that  of  the  concrete  replaced  by  the  ring. 

This  can  be  noted  by  comparing  the  magnitude  of  bending  moment  for  sphere 
2  with  the  GRP  ring  (1.19  times  stiffer  than  concrete)  and  the  bending  moments 
of  spheres  with  metallic  rings  (spheres  3,  5,  6,  7,  8,  and  9). 

The  moment  pattern  of  the  sphere  with  the  polycarbonate  plastic  ring 
(sphere  1 )  is  the  opposite  of  those  of  the  other  spheres:  a  negative  moment 
near  the  joint,  a  positive  moment  in  the  latitude  range  of  10  to  60  degrees, 
and  a  negative  moment  near  the  apex.  The  reversal  of  moment  pattern 
established  for  rings  stiffer  than  concrete  could  be  expected  here  because 
the  polycarbonate  plastic  ring  is  less  stiff  than  the  concrete. 
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Table  4.  Calculated  Longitudinal  Moments 


Latitude 

(deg) 

Longitudinal  Moment"  (in.-lb/in.l  for — 

Sfihere 

1 

Sphere 

2 

Sphere 

3 

Sphere 

5 

Sphere 

6 

Sphere 

7 

Sphere 

8 

Sphere 

9 

7.5 

-67 

+  172 

+637 

+384 

+617 

+715 

+537 

+624 

22.5 

+  139 

+81 

+50 

-364 

-189 

-371 

-468 

-22 

37.5 

+68 

-5 

-129 

-132 

-232 

-164 

-257 

-130 

55.0 

+  120 

-18 

- 

-350 

-118 

+10 

-162 

+51 

72.5 

+8 

+47 

+196 

-16 

+4 

+307 

+97 

+63 

“  Positive  moment  decreases  radius  of  curvature;  negative  moment  increases 
radius  of  curvature. 


These  moment  patterns  indicate  the  presence  of  shear  loading  on  the 
hull.  Where  there  is  a  rapid  change  in  moment,  there  is  a  high  shear  condition. 
Thus,  one  may  conclude  that  the  rings  produce  a  high  shear  near  the  equator 
and  tfiat  the  fnaynitude  of  shear  stress  is  diretily  related  to  the  mismatch 
between  the  stiffness  of  the  ring  and  that  of  the  concrete  shell. 

As  noted  before,  ail  shell  failures  were  initiated  at  or  near  the  joint. 

On  the  spheres  with  the  stiffer  rings,  the  high  positive  moment  near  the  joint 
plus  the  average  compressive  stress  in  the  wall  produced  a  high  longitudinal 
interior  strain  which  resulted  in  concrete  failure.  On  sphere  1  with  the  ring 
less  stiff  than  the  concrete,  the  negative  moment  near  the  joint  plus  the  average 
compressive  stress  in  the  wall  produced  a  high  longitudinal  exterior  strain  which 
resulted  in  concrete  failure. 


FINDINGS 

1 .  The  implosion  strength  of  hollow  concrete  spheres  with  equatorial  joint 
rings  varies  with  the  magnitude  of  the  relative  stiffness  of  ring.  Spheres  with 
rings  that  are  either  stiffer  or  more  compliant  than  concrete  fail  at  pressures 
as  much  as  27%  lower  than  do  spheres  without  equatorial  joint  rings. 

2.  An  equatorial  joint  ring  in  hollow  concrete  spheres  introduces  a  strain 
raiser  if  the  relative  stiffness  of  the  ring  is  significantly  higher  or  lower  than 
the  stiffness  of  the  concrete  that  the  ring  replaces.  For  joint  rings  stiffer 
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than  concrete,  maximum  strains  are  typically  found  on  the  interior  surface 
adjacent  to  the  joint  ring,  while  the  minimum  strains  are  typically  found  on 
the  exterior  surface  also  adjacent  to  the  ring. 

3,  An  equatorial  ring  with  its  stiffness  different  from  the  concrete  stiffness 
produces  bending  moments  in  the  concrete  shell  whose  magnitudes  are  directly 
related  to  the  mismatch  in  stiffness  between  the  ring  and  the  concrete  shell. 


CONCLUSION 

Equatorial  joint  rings  can  be  incorporated  into  hollow  concrete  spheres 
without  significant  reduction  in  strength,  providing  that  the  stiffness  mismatch 
between  the  ring  and  the  concrete  it  replaces  is  small.  Glass  fiber  reinforced 
plastics  appear  to  satisfy  this  requirement  satisfactorily. 


RECOMMENDATIONS 

As  a  preliminary  design  guideline  for  mechanical  joints  in  spheres, 
the  authors  recommend  the  following: 

1.  If  possible,  the  designer  should  use  a  glass  reinforced  plastic  material  to 
make  the  mechanical  joint  ring  and  should  dimension  the  joint  to  have  a 
relative  stiffness  near  one.  The  operational  pressure  should  be  1 5%  lower 
than  that  of  uniform  unjointed  spheres. 

2.  If  the  mechanical  joint  is  over  5  times  stiffer  than  the  concrete  sphere, 
the  operating  pressure  of  the  spherical  capsule  should  be  30%  lower  than  a 
uniform  unjointed  sphere. 

3.  A  mechanical  joint  with  a  relative  stiffness  less  than  one  should  not  be 
used. 

4.  Penetrations  for  windows  and  electrical  entries  should  be  located  between 
30  degrees  and  60  degrees  latitude  or  at  an  apex  to  avoid  the  high  shear  strain 
conditions  in  jointed  spheres  at  latitudes  near  the  equator  and  the  apex. 
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Appendix  A 


OPERATIONAL  LOCK  JOINTS 


BACKGROUND 

In  the  main  study,  the  relationship  between  equatorial  joint  ring 
stiffness  and  concrete  sphere  behavior  was  investigated,  but  little  considera¬ 
tion  was  given  to  the  problems  associated  with  operational  lock  joints.  Thus, 
for  example,  no  investigations  were  conducted  into  the  problems  of  (1)  securely 
attaching  lock  joint  rings  to  hemispheres,  (2)  sealing  the  mating  surface  of  lock 
joint  rings,  and  (3)  locking  the  joint  rings  together.  No  need  existed  to  make 
provisions  other  than  adhesive  bonding  for  securely  attaching  the  ioint  ring  to 
concrete  because  the  test  spheres  were  exposed  only  to  external  hydrostatic 
pressure  loading.  The  sphere  assembly  would  not  be  exposed  to  forces  tend¬ 
ing  to  separate  the  hemispheres  from  the  equatorial  joint  ring  such  as  those 
present  during  a  launching  operation.  Sealing  was  no  problem;  once  bonded 
together,  the  hemispheres  did  not  have  to  be  separated.  Locking  arrangements 
also  were  not  necessary,  as  the  simulated  lock  joint  ring  was  monolithic. 


TEST  SPECIMENS 

Two  materials  were  chosen  for  investigation  of  operational  lock  joints, 
glass  fiber  reinforced  plastic  (GRP)  and  steel.  The  GRP  operational  lock  joint 
was  to  be  incorporated  only  into  the  16-inch-OD  x  14-inch-ID  sphere,  while 
steel  joints  were  to  be  incorporated  into  both  the  16-inch-OD  x  14-inch-ID  and 
66-inch-OD  x  57.75-inch-ID  conaete  spheres.  One  concrete  sphere  assembly 
specimen  was  to  be  built  with  each  type  of  joint  and  subsequently  evaluated 
under  hydrostatic  loading. 

The  design  chosen  for  the  equatorial  lock  joints  was  simple  (Figure 
A-1 ).  It  consisted  of  two  mating  equatorial  rings  to  be  securely  attached  to 
concrete  hemispheres.  The  two  ring-equipped  hemispheres  were  to  be  later 
locked  together  with  bolts  located  around  the  circumference  of  the  joint 
assembly.  An  0-ring  between  the  mating  equatorial  rings  completed  the 
operational  joint  assembly.  Special  features  of  the  ring  design  for  the  16-inch 
spheres  were  the  following:  (1)  anchor  pins  were  used  to  reinforce  the  adhe¬ 
sive  bond  between  the  joint  ring  and  the  concrete,  (2)  the  cross-sectional  area 
for  the  operational  joint  was  approximately  one-half  that  used  in  the  simulated 
lock  joint  (although  the  relative  stiffness  was  only  slightly  reduced),  (3)  the 
same  size  of  concrete  seating  groove  was  used  in  the  joint  as  in  the  simulated 
joints. 
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FABRICATION 


Concrete 

The  1 6-inch  hemispheres  were  cast  identically  to  those  described  in  the 
main  body  of  the  report.  The  66-inch  hemispheres  were  cast  in  a  steel  mold 
(Figure  A-2),  using  the  same  concrete  mix  as  for  the  casting  of  16-inch  hemi¬ 
spheres.®  A  field-type  curing  technique  was  used  for  66-inch  hemispheres, 
producing  shells  somewhat  lower  in  strength  than  the  16-inch  hemispheres. 

The  grinding  of  the  equatorial  edge  for  the  small  and  the  large  sphere  was 
performed  in  the  same  manner  as  described  in  the  main  body  of  the  report. 


Figure  A-2.  Molds  for  casting  66-inch  concrete  hemispheres. 


Joint  Rings 

The  equatorial  joint  rings  (Figure  A-3)  for  both  the  small  and  large 
concrete  hemispheres  were  machined  from  flat  plate  stock — the  small  ones 
in  a  horizontal  lathe  and  the  large  one  in  a  vertical  mill.  Difficulties  arose  in 
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maintaining  flatness  of  the  joint  rings  because  the  small  rings  were  only  1/8 
inch  thick  and  the  large  rings  were  1/2  inch  thick.  It  was  found,  particularly 
for  the  steel  joints,  that  upon  removal  from  the  machining  fixture  considerable 
twisting  of  the  joint  in  the  equatorial  plane  took  place.  The  twisting  created 
a  very  noticeable  deviation  from  flatness.  For  the  ring  for  the  66-inch-diameter 
capsule,  this  deviation  was  approximately  1/4  inch. 

The  problems  encountered  in  fabricating  a  flat  steel  lock  joint  appeared 
to  be  a  potential  source  of  trouble  for  concrete  sphere  assemblies  to  be  built  for 
operational  use.  Therefore,  the  assembly  technique  for  the  test  specimens  was 
modified  to  permit  fabrication  of  the  16-inch  sphere  with  twisted  joint  rings. 

For  the  66-inch  sphere,  special  procedures  were  developed  that  resulted  in  a 
sphere  assembly  with  parallel  mating  flat  joint  rings. 

Assembly 

The  equatorial  joint  rv  .gs  were  attached  to  the  concrete  hemispheres 
by  epoxy  adhesive  (F-  Plastics  Epocast  8288)  and  steel  pins  (Figures  A-4 
and  A-5) .  The  stee'  p'  ,  were  set  into  mating  holes  drilled  into  the  concrete. 

The  steel  joint  ring  .jonded  to  the  concrete  shell  served  as  the  drilling  template. 
For  the  1 6-in<-.i  sphere  assembly  that  was  to  operate  with  the  twisted  steel  joint 
rings,  each  joint  ring  was  placed  separately  on  the  adhesive-coated  edges  of  the 
16-inch  concrete  hemispheres.  The  thick  layer  of  epoxy  easily  adjusted  to  the 
unev'jn  surface  of  the  joint,  ensuring  a  watertight  seal  between  the  uneven  ring 
an  j  the  flat  equatorial  plane  of  the  shell.  When  the  two  hemispheres  with  twisted 
Mngs  were  mated,  a  gap  of  approximately  1/16  inch  was  found  on  the  external 
edge  of  the  lock  joint  assembly.  The  gap  extended  completely  arounH  the  cir¬ 
cumference  of  the  joint.  To  seal  the  mating  rings,  RTV  (Room  Temperature 
Vulcanizing  silicone  rubber)  was  forced  into  the  gap  after  the  joint  was  bolted 
together. 

To  flatten  out  the  steel  rings  for  the  66-inch  sphere,  both  rings  were 
clamped  together  tightly  with  the  joint  retaining  bolts.  The  clamping  force 
exerted  by  the  retaining  bolts  was  sufficient  to  mate  the  two  twisted  rings  of 
the  lock  joint  assembly  together  so  that  a  reliable  watertight  seal  could  be 
achieved  by  the  0-ring.  The  clamped  lock  joint  assembly  was  bonded  to  both 
hemispheres.  When  the  adhesive  had  set,  the  lock  joint  assembly  was  unbolted 
and  the  individual  joint  rings  inspected  for  flatness.  It  was  found  that  this 
sphere  assembly  procedure  resulted  in  a  joint  that  deviated  from  true  flatness 
less  than  0.020  inch.  The  adhesive  bond  between  the  concrete  and  the  rings 
prevented  the  steel  rings  from  returning  to  the  twisted  shape. 
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Fi^Jre  A-3a.  Lock  joint  ring  for  16-inch  sphere  assembly.  (View  of 
surface  in  contact  with  concrete.) 


Figure  A-3b.  Lock  joint  rings  for  66-inch  sphere  assembly.  (View  of 
interior  and  exterior  surfaces  of  joint  ring.) 
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Figure  A-5.  Typical  anchor  pins  for  securing  joint  ring  to  66-inch  hemisphere. 


Instrumentation 

The  1 6-inch  sphere  assemblies  with  operational  lock  joints  were 
instrumented  for  hydrostatic  testing  with  electrical  resistance  strain  gages 
at  eight  locations;  four  on  the  inside  surface  at  7.5-  and  55-degree  latitudes 
and  four  on  the  outside  radially  opposite  the  interior  gages.  The  66-inch 
sphere  assembly  was  instrumented  at  the  same  latitudes  but  only  on  the 
sphere's  interior  surface. 


TEST  PROCEDURES 

Both  the  small  and  large  spheres  with  operational  lock  joints  on  the 
equator  were  rigidly  attached  to  the  vessel  end  closures  by  steel  feedthroughs. 
The  small  spheres  were  tested  in  the  same  vessel  as  the  spheres  described  in  the 
mam  body  of  the  report.  The  large  sphere  was  tested  in  the  72-inch-diameter 
pressure  vessel  (Figure  A-6). 

The  small  sphere  assemblies  with  operational  lock  joints  were  tested  to 
destruction  under  short-term  loading  conditions.  The  hydrostatic  pressure  was 
raised  at  a  rate  of  lOOpsi/minto  implosion.  Strains  were  recorded  at  100-psi 
pressure  intervals. 
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Figure  A-6.  Test  arrangement  for  66-inch  sphere  assembly 


The  66-inch  sphere  assembly  was  subjected  to  a  long-term  loading 
test.  It  was  pressurized  at  a  100-psi/min  rate  to  1,350  psi  and  was  held  at  that 
pressure  until  implosion  took  place.  The  1,350-psi  pressure  level  chosen  for 
sustained  loading  was  equal  to  83%  of  the  expected  short-term  strength*  for 
66-inch  spheres  without  joint  rings.  The  reason  for  choosing  the  high  sustained 
loading  level  was  to  measure  the  behavior  of  a  sphere  with  joint  rings  under  a 
sustained  loading  condition  while  ensuring  a  termination  of  the  test  (because 
of  implosion)  after  only  several  hours.  For  actual  operations  in  the  ocean, 
where  the  sphere  assembly  would  be  equipped  with  a  payload,  the  sustained 
loading  level  would  be  much  lower — probably  in  the  range  of  20  to  30%  of 
the  short-term  strength. 


OBSERVATIONS  AND  DISCUSSION 
Implosion  Failure 

Small  sphere  assemblies  imploded  violently.  The  sphere  with  the  steel 
loint  imploded  at  Pj^/fc  =  0.157  and  the  one  with  the  GRP  joint  at  Pj^/f'  = 

0.250.  The  fracture  pattern  was  similar  to  that  of  the  spheres  with  simulated 
operational  lock  joints  described  in  the  main  body  of  the  report  (Figure  A-7). 

The  implosion  data  are  listed  in  Table  A-1  and  plotted  in  Figure  15. 

The  Pj^/f^  of  0.250  for  the  GRP  operational  joint  was  13%  lower  than 
the  Pj^/f'  of  0.286  for  sphere  2  with  the  simulated  GRP  joint.  The  test  indi¬ 
cated  (1 )  that  the  short-term  strengths  of  spheres  with  operational  joint  rings 
are  somewhat  lower  than,  though  comparable  with,  strengths  of  spheres  having 
joints  of  similar  st iffness  and  (2)  that  an  operational  lock  joint  assembly  made 
of  two  mating  halves  behaves  m  a  manner  like  that  of  a  simulated  operational 
lock  joint  of  similar  stiffness  but  of  monolithic  construction. 

The  Pj^/f'  of  0.1 57  for  the  sphere  with  the  steel  operational  lock  joint 
was  36%  lower  than  the  average  P.m/^c  0.247  for  spheres  with  a  simulated 
lock  joint  of  steel.  Tfie  sphere's  strength  seems  significantly  affected  by  improper 
mating  between  lock  joint  rings,  therefore,  precautions  must  be  taken  to  ensure 
that  tfie  mating  halves  oi  an  operational  lock  joint  mate  evenly  over  the  whole 
circumference  of  the  joint. 

The  large  sphere  assembly  tailed  under  sustained  1 ,350-psi  hydrostatic 
loadincj  after  240  minutes.  The  failure  was  localized  (Figure  A-8).  Such  a  local 
failure  is  generally  triggered  by  some  dimensional  irregularity  of  the  sphere,  such 


The  P|^/fj  shortTerm  strengths  rjf  three  66-inth  s()heres  fabricated  by  the  Identical  technique 
as  the  sphere  c-quipped  with  the  joint  ring  were  0.222.  0.216.  and  0.195,  with  a  calculated 
ai/eraije  of  0.2 1 1 
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as  changes  in  radius  of  curvature  or  thinner  cross  section  of  the  wall.  In  the 
sphere  tested,  the  local  implosion  occurred  in  a  location  where  the  wall  was 
approximately  3/16  inch  thinner  and  the  internal  radius  of  curvature  1/16 
inch  longer  than  specified.  The  local  wall  thickness  and  sphericity  deviation 
induce  the  material  at  that  location  to  creep  at  a  higher  rate,  causing  the  shell 
to  form  a  local  flat  spot.  Such  a  local  flat  spot  induces  great  flexure  stresses 
around  the  periphery  of  the  flat  spot  as  well  as  at  its  center.  Ultimately  the 
combined  stress  becomes  so  large  that  it  exceeds  the  compressive  strength  of 
the  material,  causing  the  formation  of  a  conical  fracture  plane.  Close  obser¬ 
vation  of  the  fracture  pattern  on  the  large  sphere  confirms  this  fracture 
mechanism,  as  the  edges  of  the  hole  are  beveled  inward,  forming  the  boundaries 
of  a  conical  fracture  plane  typical  of  concrete  compression  failures. 

The  Pim/fc  =0.175  of  the  66-inch  sphere  under  sustained  loading  was 
found  to  be  lower  than  the  average  Pj^/fc  =  0.21 1  established  previously^  for 
identical  large  spheres  without  any  joint  rings.  Using  the  0.89  ratio  between 
the  Pj^/f'j.  of  a  16-inch  sphere  with  simulated  steel  lock  joint  (sphere  6)  and  the 
P|^/fJ.  of  a  1 6-inch  sphere  without  joint  rings  as  a  guide,  the  ratio  of  short-term 
implosion  pressure  to  concrete  strength  of  the  large  spheres  with  a  steel  joint 
ring  is  extrapolated  to  be  0.187.  When  this  extrapolated  Pi^/fc  =  0.187  is  com¬ 
pared  with  the  experimentally  obtained  long-term  strength  of  Pj^/fc  “  0.175, 
much  better  agreement  is  found.  Because  sustained  hydrostatic  loading  invari¬ 
ably  causes  spheres  of  viscoelastic  material  to  fail  at  lower  pressures  than  those 
obtained  under  short-term  loading  conditions,  it  could  be  postulated  that  the 
short-term  Pj^/fJ.  of  the  66-inch  sphere  with  the  steel  lock  joint  rings  is  at  least 
equal  to,  and  probably  slightly  higher  than,  the  extrapolated  Pj^/fc  =0.187 
value. 


Table  A-l.  Results  of  Tests  on  Spheres  With  Operational  Joints 


Sphere 

Outside 

Diameter 

(in.) 

Joint 

Material 

Relative 

Stiffness" 

of 

Joint  Ring 

fj  (psi) 

B 

12 

16 

GRP 

0.99 

2,650 

10,600 

0.250 

13 

16 

steel 

15.18 

1,730 

1 1 ,020 

0.157 

14 

66 

steel 

15.09 

1,350 

7,720 

0.187* 

^  See  discussion  in  text. 
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(a)  With  operational  steel  lock  joints. 


(b)  With  operational  GRP  lock  joints. 
Figure  A-7.  Imploded  16-inch  sphere  assembly. 


Figure  A-8.  Local  implosion  of  66-inch  concrete  sphere  assembly. 


It  would  thus  appear  that  the  operational  lock  joints  of  steel 
performed  properly  and  did  not  lower  the  short-term  strength  of  the  con¬ 
crete  sphere  below  the  strength  level  expected  from  spheres  with  simulated 
lock  joints  of  equivalent  stiffness.  The  acceptable  performance  of  the  large 
concrete  sphere  compared  with  the  unacceptable  performance  of  the  small 
sphere  with  operational  steel  lock  joints  of  identical  stiffness  reinforces  the 
observation  made  previously  that  improper  mating  between  individual  rings 
significantly  lowers  the  depth  capability  of  a  concrete  sphere  equipped  with 
an  equatorial  lock  joint. 

Strain  Behavior 

Strain  data  are  listed  in  Table  A-2  for  the  three  spheres  with  oper¬ 
ational  joints.  In  small  sphere  assemblies  the  magnitude  and  distribution  of 
strains  differed  significantly  between  the  steel  and  the  GRP  operational  joints. 
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The  sphere  assembly  with  GRP  operational  joints  registered  strains  which 
both  in  magnitude  and  distribution  were  similar*  to  those  measured  pre¬ 
viously  on  sphere  2  with  a  monolithic  GRP  joint. 

There  was  very  little  similarity  between  the  strains  measured  on  the 
16-inch-OD  sphere  assembly  with  an  operational  steel  joint  and  sphere  6 
equipped  with  a  monolithic  steel  joint.  The  pattern  of  longitudinal  strains 
on  the  sphere  with  the  operational  steel  joint  was  the  opposite  of  that  found 
on  sphere  6.  On  sphere  6,  the  maximum  longitudinal  strain  was  measured  on 
the  interior  of  the  sphere  adjacent  to  the  joint,  whereas,  on  sphere  13  with  the 
operational  lock  joint,  it  was  found  on  the  exterior  adjacent  to  the  joint.  Such 
a  dissimilarity  in  strain  patterns  between  the  small  sphere  with  operational  joints 
and  sphere  6  was  to  be  expected,  because  the  uneven  mating  of  the  operational 
joint  caused  nonuniform  stress  concentrations. 

That  the  dissimilarity  in  strains  between  operational  and  simulated 
steel  lock  joints  is  only  a  function  of  poor  mating  between  the  joint  rings  is 
further  substantiated  by  the  similarity  of  the  strains  measured  on  the  66-inch 
sphere  with  properly  mating  rings  to  the  strains  on  sphere  6  with  the  simulated 
steel  lock  joint.  The  similarity  between  the  small  sphere  assembly  with  the 
simulated  steel  lock  joint  and  the  large  sphere  with  the  operational  steel  lock 
joint  also  confirms  the  postulate  that  the  strains  measured  on  a  small-scale 
assembly  are  applicable  to  design  of  large-scale  concrete  sphere  assemblies, 
provided  the  relative  stiffness  ratio  of  the  equatorial  joint  rings  is  about  the 
same  in  both  cases. 


FINDINGS 

1 .  Strains  measured  on  concrete  sphere  assemblies  with  simulated  equatorial 
lock  joints  can  be  used  to  predict  strains  in  concrete  sphere  assemblies  with 
operational  lock  joints  if  the  relative  stiffness  ratio  between  the  equatorial 
lock  joint  assembly  and  the  concrete  is  similar. 

2.  Improper  mating  between  the  rings  of  the  lock  joint  assembly  is  more 
detrimental  to  the  implosion  strength  of  the  concrete  sphere  assembly  than 
a  change  in  the  relative  stiffness  of  the  joint. 

3.  The  operational  equatorial  lock  joints  fabricated  from  glass  reinforced 
plastic  provide  the  closest  match  to  the  properties  of  the  concrete  shells. 


*  When  comparing  the  strains  from  assemblies  with  operational  joints  to  those  from 
assemblies  with  simulated  joints,  one  must  recall  that  in  the  former  the  gages  were 
located  at  two  different  latitudes  whereas  in  the  latter  they  were  located  at  five  dif 
ferent  latitudes. 
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CONCLUSIONS 


Concrete  hollow  spheres  can  be  equipped  at  the  equator  with  opera¬ 
tional  lock  joints  that  will  decrease  the  hydrostatic  load  carrying  capability 
of  a  sphere  without  a  joint  ring  by  only  10  to  20%.  Such  operational  joints 
should  be  made  of  glass  fiber  reinforced  plastic.  Joint  rings  made  of  steel  will 
decrease  the  hydrostatic  load  carrying  capability  of  a  uniform  unjointed  sphere 
by  up  to  50%  if  the  ring  is  not  properly  mated  to  the  sphere. 


Appendix  B 

MATERIAL  PROPERTIES 


The  material  properties  of  compressive  strength,  modulus  of  elasticity, 
and  Poisson's  ratio  for  the  concrete  and  ring  materials  are  presented  in  Table 
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Table  B-1.  Material  Properties 


Concrete 

Joint  Rings 

Sphere 

Hemisphere 

STrer>gth, 

^c 

(pst) 

_ 

Material 

Yield  Strength. 

V 

(psi) 

Modulus  of 
Elasticity,  E 
(psi  X  10^1 

Poisson's 

Ratio 

Simulated  Lock  Joints 

1 

1-A 

1-6 

polycarbonate 

plastic 

8,320 

0,39 

0.40 

2 

2-A 

2-B 

10.960 

1 1 ,760 

GRP 

15900 

1.95 

0.38 

3 

3-A 

3-B 

11,080 

11.120 

aluminum 

75,600 

11.0 

0.32 

4 

4-A 

4-e 

10900 

10,620 

aluminum 

75,600 

11.0 

0.32 

5 

5-A 

b-e 

10.210 

10,500 

titanium 

140,800 

17.4 

0.23 

6 

6-A 

6-6 

1 1 ,740 
10,800 

steel 

41,200 

30.0 

0.27 

7 

7-A 

7-B 

1 1 .040 
11,030 

steel 

49,700 

30.0 

0.27 

8 

8-A 

8-B 

10.470 

10,400 

steel 

54  900 

30.0 

0.27 

9 

9-A 

9-B 

1  1 ,160 

1 1 .1 10 

Steel 

32,700 

30.0 

0.27 

10 

10-A 

10-B 

9.820 

9.870 

titanium 

140,800 

17.4 

0.23 

1  1 

1 1-A 

11-e 

9.810 

9,960 

aluminum 

75,600 

10.5 

0.32 

Operational  Lock  Joints 

12 

mm 

10,600 

GRP 

- 1 

15,900 

195 

0.38 

13" 

H 

1 1 ,020 
11,390 

steel 

49,700 

30.0 

0.27 

14* 

14-A 

14-B 

7,740 

7,780 

Steel 

50,000 

30.0 

0.27 

Note  Concrete  modulus  of  elasticity  averaged  3.57  x  10®  psi.  Poisson  s  ratio  for  concrete  averaged 
0.16. 

**  1 6  inch-OD  sphere. 

^  66-inch-OD  sphere. 
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The  modulus  of  elasticity  for  concrete  used  to  calculate  the  relative 
stiffness  and  the  concrete  stress  was  a  secant  modulus.  The  stress— strain  rela¬ 
tions  obtained  for  each  hemisphere  by  testing  3  x  6-inch  control  cylinders  were 
averaged  to  give  a  mean  stress— strain  curve  for  the  concrete.  A  secant  line  was 
drawn  from  the  origin  through  a  point  on  the  curve  at  one-half  the  ultimate  con¬ 
crete  strength  ( 1/2  fj.)  as  shown  in  Figure  B-1 .  The  slope  of  this  straight  line  was 
the  secant  modulus  and  was  equal  to  3.57  x  10®  psi.  This  secant  modulus  is  less 
than  the  modulus  calculated  from  the  formula  presented  in  the  American  Con¬ 
crete  Institute  Building  Code  Requirements  (ACI  318-63).  The  ACI  formula, 

E  =W’  ®  (33)-^,  yields  a  modulus  of  5.64  x  10®  psi. 


Figure  B-1.  Mean  uniaxial  concrete  stress-strain  behavior  of  3  x  6-inch 
control  cylinders. 


A 
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Transverse  Strain  (Min./in.) 


The  Poisson's  ratio  was  determined  using  an  average  of  the  axial  strain 
versus  transverse  strain  relations  obtained  from  the  3  x  6-inch  control  cylinders. 
A  straight  line  was  drawn  through  the  mean  axial  strain  versus  transverse  strain 
curve  in  such  a  manner  as  to  average  the  variations.  The  slope  of  this  line  is  the 
Poisson's  ratio,  as  shown  in  Figure  B-2. 


Figure  B-2.  Transverse  strain  versus  longitudinal  strain  for  control  cylinders. 
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Appendix  C 


STRAIN  DATA 


Graphs  of  strain  versus  latitude  for  the  eight  instrumented  specimens 
are  presented  in  Figures  C-1  through  C-4. 


LCr:GiTUDINAL  STRAINS 

Figures  C-1  and  C-2  present  the  interior  and  exterior  longitudinal 
strains  measured  at  five  latitudes  and  plotted  at  various  P/f'  loading  ratios. 

The  general  observations  of  the  interior  longitudinal  strains  are  as  follows. 

1 .  On  the  sphere  with  the  polycarbonate  plastic  joint  ring  (sphere  1 ), 
the  strains  were  nearly  uniform  at  all  latitudes  under  low  loading  levels,  while 
at  higher  loading  levels  the  strain  near  the  apex  was  somewhat  lower  than  at 
other  latitudes.  The  magnitude  of  strains  was  approximately  the  same  as  in 
spheres  without  equatorial  joint  rings. 

2.  On  the  sphere  with  the  GRP  joint  ring  (sphere  2),  strains  showed 
only  a  minor  increase  near  the  joint  compared  with  those  at  other  latitudes. 
The  magnitude  of  the  increase  appeared  to  be  proportional  to  the  magnitude 
of  loading.  In  the  30-  to  70-degree  latitude  range,  the  magnitude  of  measured 
strains  was  approximately  the  same  as  in  spheres  without  equatorial  joint  rings. 

3.  All  spheres  with  metal  joint  rings  (spheres  3,  5,  6,  7,  8,  and  9) 
showed  similar  strain  behavior.  In  all  cases  the  strain  near  the  equatorial  joint 
was  considerably  higher  than  at  all  other  latitudes,  the  lowest  strain  occurred 
between  20  and  60  degrees  of  latitude,  and  strain  near  the  apex  was  somewhat 
greater  than  the  strain  between  20  to  60  degrees  of  latitude  but  still  less  than 
the  strain  near  the  joint.  Only  the  strains  in  the  30-  to  40-degree  range  of  lat¬ 
itude  were  approximately  the  same  as  in  spheres  without  equatorial  joint  rings. 

The  general  observations  of  the  exterior  longitudinal  strains  are  as 

follows' 


1 .  On  the  sphere  with  the  polycarbonate  plastic  joint  ring  (sphere  1 ), 
the  strains  were  nearly  uniform  at  all  latitudes  under  all  pressure  loadings  except 
just  prior  to  implosion.  Under  P/fJ,  =  0.22  loading,  the  strain  at  22.5-degrees  lat¬ 
itude  appeared  to  decrease  significantly  below  strains  at  other  latitudes.  That 
anomaly  probably  vvas  caused  by  the  failure  in  the  adhesive  between  the  gage 
and  the  concrete  at  that  loading  level.  The  strains  in  the  20-  to  70-degree  lat¬ 
itude  range  were  approximately  equal  to  strains  in  spheres  without  equatorial 
joint  rings. 


47 


2.  On  the  sphere  with  the  GRP  joint  nncj  (sphere  2),  the  strains  were 
nearly  uniform  at  ail  latitudes  and  approxiinately  equal  to  those  in  spheres 
without  joint  rings. 

3.  All  spheres  with  metallic  joint  rings  (sjtheres  3,  5,  6,  7,  8,  and  9) 
sftowecl  the  same  general  strain  characteristics.  The  greatest  strain  occurred 
between  20  and  60  degrees  of  latitude,  the  lowest  strain  was  near  the  equator, 
and  the  strain  near  the  apex  was  larger  than  that  at  the  equator  but  less  than 
tfiai  in  the  20-  to  6  degree  latitude  range.  Only  the  strains  near  the  apex  were 
01  the  s.itne  magnitude  as  ttiosc  in  the  sphere  witfiout  equatorial  joint  rings. 


LATITUDINAL  STRAINS 

Figures  C-3  and  C-4  present  the  intenoi  and  extei  lor  latitudinal  strains 
measured  at  the  five  latitudes  and  plotted  at  various  P/f^  ratios.  Also  plotted 
are  the  strains  at  the  equator  for  the  interior  and  exterior  of  the  sphere.  These 
strains  were  calculated  based  on  the  measured  strains  on  the  interior  and  exte¬ 
rior  of  the  ring  joint.  It  was  assumed  that  the  strain  gradient  across  the  ring 
was  linear.  Interpolation  between  the  strain  at  a  radius  equal  to  6.74  inches 
(interuir  surface  of  ttie  ring)  and  at  8.70  inches  (exterior  surface  of  the  ring) 
qd'.i  file  strains  at  radii  of  7.00  mcties  and  8.00  mcties,  the  interior  and  exte- 
I  lor  of  tfie  S[)tierical  hull. 

The  1  .^32-tnct>-'.hick  epoxy  layers  between  the  concrete  hemispheres 
and  tfie  joint  ring  permitted  some  differential  movement,  yet,  because  the 
inner  lin  of  the  ring  fitted  tightly  against  the  inner  surface  of  ttie  concrete 
nemispliere,  tfie  duferential  movement  was  helieveci  to  be  small.  Therefore, 
the  difference  f'ef,veen  itie  strain  values  plotted  at  0  and  7.5  degrees  is 
beheved  to  be  the  actual  strain  ddference  with  little  influence  from  differen¬ 
tial  rnovernent  between  itie  concrete  hemi,:[,>here  and  the  joint  ring. 

The  qenrjral  observations  of  the  interior  Intitmliiuil  .<frciii/,r  are  as 

to' lows 

1 .  On  tfie  sphere  with  the  polycarbonatt'  plastic  jomt  ring  (sphere  1 ), 
tfii'  strains  measured  at  all  latitudes  on  concrete  were  nearly  uniform,  wtule 
till  strain  on  the  [lolyc.irhonate  jiiastic  ring  was  considerably  highei  The  mag¬ 
nitude  ot  strains  in  tfie  concrete  was  aruToximately  the  same  as  in  splieres 
v.ittioLit  erjuatonal  joint  rings. 

2.  On  the  sphere  witti  the  GRP  joint  ring  (sphere  2),  the  concrete 
strains  and  the  strain  of  the  joint  ring  were  very  similar,  and  the  strain  macj 
nitude  was  approximately  the  same  as  tfiat  in  spheres  without  equatorial  joint 
rings. 
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(g)  For  sphe 


Figure  C-2.  Exterior  longitudinal  strains. 
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(h)  For  sphere  9. 

Figure  C-2.  Exterior  longitudinal  strains. 
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Figure  C-3.  Interior  latitudinal  strains. 

3(;  ideg) 

Latitude  (deg) 

Latitude  (deg) 

SDhere  2. 

(c)  For  sphere  3. 

(d)  For  sphere  5. 

- 1  Oi - 

90  0 

_1 - - 1  ■ 

30  60 

- 1  01 - 

90  0 

_ 1 _ -L 

30  en 

Latitude  (deg) 

Latitude  (deg) 

(g)  For  sphere  8. 

(h)  For  sphere  9. 

Figure  C-3.  interior  latitudinal  strains. 
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Fi^jfe  C-4.  Exterior  letitudinel  strains. 
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Figure  C4.  Exterior  latitudinel  straiitt. 

3.  The  strain  behavior  on  all  spheres  with  metal  joint  rings  (spheres  3, 
6,  7,  8,  and  9)  was  similar  except  for  sphere  5.  Generally,  the  minimum  strain 
occurred  on  the  joint  ring,  with  the  lowest  concrete  strain  being  recorded  near 
the  joint.  The  maximum  strain  occurred  in  the  40-  to  60-degree  latitude  range. 
The  strains  near  the  apex  are  approximately  the  same  as  in  spheres  without 
equatorial  joint  rings. 

4.  On  sphere  5  the  minimum  strain  occurred  at  7.5  degrees  latitude, 
with  the  strain  of  the  titanium  ring  appearing  as  much  as  70%  greater.  It  is 
believed  that  this  is  the  result  of  improper  bonding  between  the  gage  and  con¬ 
crete. 


The  general  observations  of  the  exterior  latitudinal  strains  are  as 
follows: 


1 .  On  the  sphere  with  the  polycarbonate  plastic  joint  ring  (sphere  1 ), 
the  strains  were  relatively  uniform,  with  the  largest  strains  occurring  on  the 
ring.  Strains  near  the  apex  were  approximately  the  same  as  in  spheres  without 
equatorial  joint  rings. 

2.  On  the  sphere  with  the  GRP  joint  ring  (sphere  2),  the  strain 
variation  was  the  least  for  all  the  spheres  with  joint  rings.  The  magnitude 
of  strains  at  all  latitudes  and  on  the  joint  was  approximately  the  same  as  in 
spheres  without  equatorial  joint  rings. 

3.  On  all  spheres  with  a  metal  joint  ring  (spheres  3,  5,  6,  7,  8,  and  9), 
the  smallest  strain  was  on  the  joint,  with  the  lowest  concrete  strain  being 
recorded  near  the  joint. 

4.  On  spheres  3,  5,  and  7,  the  maximum  strain  occurred  between  20 
and  60  degrees  latitude. 

5.  On  spheres  6,  8,  and  9,  the  maximum  strain  was  observed  at  72.5 
degrees  latitude. 

6.  In  all  of  the  spheres  except  sphere  8,  the  strains  near  the  apex  were 
approximately  the  same  as  in  spheres  without  joint  rings. 
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Appendix  D 


LONGITUDINAL  AND  LATITUDINAL  STRESS  DATA  AT 

P/f;  =  0.20 


For  each  specimen  at  a  ratio  of  pressure  loading  to  concrete  strength 
(P/fJ.)  of  0.20,  the  interior  and  exterior  stresses  were  calculated  using  the  fol¬ 
lowing  equations: 


a. 


i,  long 


1  - 


long 


Ife  lono  V€^  +  :: -  P 


1  -  1.2 


-ejong  lat'  ^ 


lat 


1  -  p 


2  lat  long^ 


•'e,  lat 


E  P 

<ee.tat  +  +  :: - P 


1  -  p 


^  '=6, lat  "  •''e.long'  '  y 


where 


i,  long 


e,  long 


'i,  lat 


■'e,  lat 


‘i.  long 


C; 


i,  lat 


"a,  long 


^e,  lat 


E 

u 

P 


interior  longitudinal  stress  (psi) 
exterior  longitudinal  stress  (psi) 
interior  latitudinal  stress  'psi) 
exterior  latitudinal  stress  (psi) 
interior  longitudinal  strain  (in./in.) 
interior  latitudinal  strain  (in./in.) 
exterior  longitudinal  strain  (in./in.) 
exterior  latitudinal  strain  (in./in.) 

modulus  of  elasticity  =  3.57  x  10®  psi 
Poisson's  ratio  =  0.16 
external  applied  pressure  (psi) 


Aspects  of  the  longitudinal  behavior  on  all  spheres  with  a  metal  joint 
ring  (illustrated  in  Figure  D-1)  are; 

1 .  The  longitudinal  stress  on  the  exterior  surface  is  greater  than  on 
the  interior  surface  at  the  midlatitudes  (Figures  D-lc  to  D-lh). 

2.  Near  the  joint  the  interior  stress  is  much  greater  than  that  of  a 
uniform  sphere  while  the  exterior  stress  is  less. 

3.  At  the  midlatitudes  the  interior  stress  is  often  less  than  that  of  a 
uniform  sphere  while  the  exterior  stress  is  greater. 
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Figure  D-1.  Stress  versus  latitude  at  P/f^.  «  0.2 


REFERENCES 


1.  Naval  Civil  Engineering  Laboratory.  Technical  Report  R-51 7:  Behavior 
of  spherical  concrete  hulls  under  hydrostatic  loading,  pt.  1.  Exploratory 
investigation,  by  J.  D.  Stachiw  and  K.  0.  Gray.  Port  Hueneme,  Calif.,  Mar. 

1967.  (AD  649290) 

2.  - .  Technical  Report  R-547:  Behavior  of  spherical  concrete  hulls 

under  hydrostatic  loading,  pt.  2.  Effect  of  penetrations,  by  J.  D.  Stachiw. 

Port  Hueneme,  Calif.,  Oct.  1967.  (AD  661 187) 

3.  - .  Technical  Report  R-588;  Behavior  of  spherical  concrete  hulls 

under  hydrostatic  loading,  pt.  3.  Relationship  between  thickness-to-diameter 
ratio  and  critical  pressures,  strains,  and  water  permeation  rates,  by  J.  D.  Stachiw 
and  K.  Mack.  Port  Hueneme,  Calif.,  June  1968.  (AD  835492L) 

4.  - Technical  Report  R-679;  Failure  of  thick-walled  concrete  spheres 

subjected  to  hydrostatic  loading,  by  H.  H.  Haynes  and  R.  A.  Hoofnagle.  Port 
Hueneme,  Calif,,  May  1970.  (AD  708011) 

5.  - .  Technical  Report  R-  :  Behavior  of  66-lnch  OD  concrete  spherical 

Hulls  under  Hydrostatic  Loading,  by  H.  H.  Haynes  and  L.  F.  Kahn.  Port 
Hueneme,  Calif.  (In  preparation,  1971 .) 


5T  OF  SYMBOLS 


1 


/f;. 


) 


0 


lat 

tong 

at 

ong 

lat 


Area  of  concrete  removed  and  replaced  by 
joint  ring 

Cross-sectional  area  of  joint  ring 
Outside  diameter  of  sphere  (in.) 


®e,long 

Exterior  longitudinal  stress  (psi) 

®i.  lat 

Interior  latitudinal  stress  (psi) 

“i.long 

Interior  longitudinal  stress  (psi) 

0.2%  offset  yield  point 

Modulus  of  elasticity  (psi) 

Secant  modulus  of  elasticity  of  concrete  (psi) 
Modulus  of  elasticity  of  ring  material  (psi) 
Ultimate  uniaxial  concrete  strength  (psi) 
Applied  pressure  (psi) 

Ratio  of  applied  pressure  to  concrete  strength 

Implosion  pressure  (psi) 

Ratio  of  implosion  pressure  to  concrete 
strength 

Relative  stiffness 

Wall  thickness  of  sphere  (in.) 

Ratio  of  wall  thickness  to  outside  diameter 
Unit  weight  of  concrete  (pcf) 

Spherical  angle  (deg) 

Exterior  latitudinal  strain  (in./in.) 

Exterior  longitudinal  strain  (in./in.) 

Interior  latitudinal  strain  (in./in.) 

Interior  longitudinal  strain  (in. /in.) 

Poisson's  ratio 

Exterior  latitudinal  stress  (psi) 
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OBJECTIVE 


The  main  objective  was  to  develop  preliminary  expressions  which 
would  describe  the  failure  behavior  of  concrete  spheres  under  hydrostatic 
loading.  The  equations  would  be  useful  in  predicting  the  range  of  depths  in 
the  ocean  where  concrete  spheres  could  have  application.  A  secondary  objec¬ 
tive  was  to  determine  the  influence  of  concrete  strength  on  the  failure  of 
thick-walled  spheres  under  hydrostatic  loading. 


INTRODUCTION 

In  general,  material  development  for  underwater  structures  has  been 
directed  toward  producing  materials,  namely  steels  and  aluminums,  with  a 
high  strength-to-weight  ratio  for  use  in  movable  structures.  The  high-strength 
material  approach  was  necessary  to  advance  state-of-the-art  technology  for 
military  submarines  and  research  submersibles.  For  structures  located  perma¬ 
nently  or  semipermanently  on  the  ocean  floor,  the  functional  requirements  of 
the  construction  material  are  different  from  those  of  submersibles.  Permanent 
structures  do  not  require  positive  buoyancy  and,  therefore,  could  be  constructed 
from  materials  with  a  low  strength-to-weight  ratio.  These  weaker  materials 
could  prove  to  have  a  major  economic  advantage  over  high-strength  materials. 

The  United  States  Navy  desired  to  develop  various  materials  which  would  be 
suited  for  different  operational  requirements.  Concrete  is  one  material  which 
appeared  suited  for  permanent  structures. 

Concrete  possesses  the  desirable  features  of  low  cost,  good  compressive 
behavior,  and  high  resistance  to  deterioration  in  seawater.’  The  ability  of  the 
material  to  function  in  the  ocean  at  depths  to  130  feet  has  already  been  dem¬ 
onstrated;  the  Chesapeake  Bay  Bridge  Tunnel  in  Virginia,  the  St.  Lawrence 
River  Tunnel  at  Montreal,  and  the  Trans-Bay  Tube  at  San  Francisco  are  examples 
of  transportation  tunnels  that  were  constructed  from  precast  concrete  sections 
joined  together  underwater.  However,  the  maximum  depth  capability  for 
underwater  concrete  structures  has  not  been  investigated.  Therefore,  this  study 
was  initiated  to  determine  the  range  of  depths  within  which  concrete  structures 
would  have  application. 
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The  approach  of  the  study  toward  fulfilling  the  objective  was  as 
follows.  To  permit  the  analytical  prediction  of  the  failure  pressures  of  concrete 
spheres,  an  experimental  program  was  performed  to  determine  the  influence  of 
concrete  strength  on  implosion  pressure.  By  incorporating  this  data  with  results 
from  previous  studies,^'^  sufficient  data  was  available  to  develop  an  empirical 
expression  to  predict  implosion  of  spheres. 

A  study  on  the  mechanics  of  failure  of  the  spheres  generated  a  concept 
of  a  different  mode  of  failure.  This  failure  mode  considered  the  cracks  which 
initiated  in  the  concrete  wall  prior  to  implosion  and  which  developed  in  a 
direction  parallel  to  the  maximum  principal  stresses.  Previously  conducted 
research  was  employed  to  validate  a  modified  expression  for  elastic  thick -walled 
spheres,  which  was  developed  to  predict  the  pressure  at  the  initiation  of  in-plane 
cracking. 


BACKGROUND 

Since  1966,  the  Naval  Civil  Engineering  Laboratory  has  been  involved 
in  experimental  studies  on  concrete  hollow  spheres  subjected  to  simulated 
hydrospace  loadings.  The  major  objective  of  this  research  was  to  determine 
the  practicability  of  employing  concrete  as  a  construction  material  for  deep- 
ocean  (below  600  feet)  structures.  The  research  programs^*^  were  exploratory 
investigations  into  the  behavior  of  concrete  spheres  under  external  hydrostatic 
loading;  they  were  designed  to  define  areas  for  future  research. 

The  first  investigation^  on  concrete  pressure  hulls  showed  that  model 
spheres  with  16-inch  outside  diameter  (OD)  and  1-inch  wall  thickness  (t/Dp 
ratio  of  0.0625)  were  capable  of  ultimate  resistances  equal  to  the  pressure 
loading  imposed  at  approximately  7,000  feet  in  the  ocean.  These  buoyant 
hulls  with  a  weight-to-displacement  ratio  of  0.725  imploded  at  hydrostatic 
pressures  greater  than  predicted  by  elastic  thick-walled  theory.  Thus,  the 
pressure-resistant  behavior  of  the  concrete  spheres  showed  the  material  had 
potential  for  use  in  deep-ocean  structures. 

The  objective  of  the  second  investigation^  was  to  determine  the  effect 
of  hull  discontinuities,  such  as  hatches,  windows,  or  electrical  penetrations, 
on  the  structural  behavior  of  concrete  spheres.  It  was  reported  that  hull 
penetrations  with  a  greater  stiffness  (modulus  of  elasticity)  than  concrete  had 
no  significant  effect  on  the  strain  distribution  or  implosion  pressure  of  concrete 
spheres. 

The  third  study^  investigated  the  influence  of  the  wall-thickness-to- 
outside-diameter  ratio  (t/D^)  on  the  behavior  of  concrete  spheres.  Four 
t/Dp  ratios  were  investigated:  0.0625,  0.1250,  0.1875,  and  0.2500.  The  wall 
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thickness  varied  from  1  to  4  inches  in  increments  of  1  inch,  while  a  constant 
outside  diameter  of  16  inches  was  maintained.  The  test  results  showed  that 
implosion  pressure  was  a  quasilinear  function  of  the  t/D,,  ratio.  As  is  shown 
in  Figure  1 ,  this  finding  was  anomalous  to  elastic  thick -walled  theory.  Another 
test  result  observed  by  Stachiw^  but  not  predicted  by  elastic  theory  was  the 
strain  behavior  on  the  interior  surface  of  spheres  with  wall  thicknesses  of  2, 

3,  and  4  inches  (t/D^,  ratios  of  0.1250,  0.1875,  and  0.2500  respectively).  The 
strains  were  congruent  with  elastic  behavior  until  at  some  pressure  loading 
they  began  to  decrease  in  magnitude,  while  the  spheres  continued  to  sustain 
considerable  increases  in  pressure  loading.  It  was  postulated  that  the  interior 
concrete  surface  began  to  spall,  which  would  have  accounted  for  the  relaxation 
in  strains.  This  explanation  does  not  appear  to  the  authors  as  complete;  with 
spalling,  the  wall  thickness  would  become  thinner  which  would  tend  to  cause, 
not  delay,  implosio/i.  Discussion  of  this  strain  behavior  is  presented  in  this 
report  under  "In-Plane  Cracking." 


Figure  1 .  Comparison  of  experimental  and  theoretical  implosion  behavior. 
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An  analytical  method  was  proposed  by  Stachiw^  to  predict  strains  on 
the  interior  and  exterior  surfaces  of  concrete  spheres.  The  classical  Lame 
expressions  for  thick -walled  elastic  spheres  were  utilized  and  predicted  strains 
with  good  agreement  to  experimental  values,  providing  the  instantaneous  secant 
modulus  of  elasticity  was  used  in  the  calculations  instead  of  the  initial  modulus. 

To  minimize  variables,  all  of  Stachiw's  work  was  performed  on  spheres 
constructed  using  the  same  concrete  mix  design;  hence,  the  ultimate  concrete 
strength  of  the  sphere  specimens  remained  essentially  constant  within  a  range 
of  9,000  to  1 1 ,000  psi.  (The  concrete  strength  was  determined  by  uniaxial 
compression  tests  on  3  x  6-inch  concrete  control  cylinders.)  Concrete  strength 
as  an  independent  variable  was  not  investigated. 

The  experimental  program  of  the  present  study  was  designed  to  generate 
data  from  spheres  constructed  of  a  concrete  with  a  strength  different  from  that 
of  previous  studies^'^  so  that  a  more  general  understanding  of  the  failure  modes 
of  concrete  spheres  could  be  obtained. 


TEST  PROGRAM 
Experiment  Design 

The  objective  of  the  test  program  was  to  generate  experimental  results 
so  that  the  effect  of  concrete  strength  on  the  implosion  pressures  of  spheres  of 
various  t/D<,  ratios  could  be  determined.  The  experimental  program  consisted 
of  testing  spheres  with  a  lower  strength  concrete  than  that  in  previous  tests 
while  maintaining  casting,  fabricating,  and  testing  procedures  similar  to  those 
in  past  work.^’^  The  concrete  mix  design  used  in  Stachiw's  work  was  altered 
to  obtain  a  strength  of  6,000  psi  by  increasing  the  water/cement  ratio,  decreas¬ 
ing  the  curing  period,  and  changing  the  type  of  cement.  However,  when  the 
altered  mix  was  compared  to  the  original  mix  design,  they  were,  except  for 
strength,  essentially  equivalent  because  the  type  of  aggregate,  aggregate  pro¬ 
portions,  and  aggregate/cement  ratio  were  identical. 

Four  16-inch-OD  model  concrete  spheres  were  constructed  and  tested 
in  ocean  simulation  facilities.  The  spheres  had  wall  thicknesses  of  1 , 2,  3,  and 
4  inches  as  shown  in  Figure  2,  which  correspond  to  t/D^  ratios  of  0.0625, 

0. 1250,  0. 1875,  and  0.2500  respectively.  Two  hemisphere  sections  joined  with 
an  epoxy  bonding  agent  formed  the  spherical  hulls.  Hydrostatic  pressure  test¬ 
ing  of  the  hulls  was  performed  in  the  NCEL  pressure  test  facility;  the  general 
test  setup  is  shown  in  Figure  3.  The  spheres  were  loaded  at  a  constant  pres¬ 
surization  rate  of  100  psi/min  until  implosion.  A  detailed  description  of 
specimen  fabrication  and  test  procedure  is  presented  in  the  Appendix. 


Figure  2.  Concrete  hemispheres  of  16-inch  outside  diameter. 


Test  Results 

Implosion  pressures  of  spheres  and  corresponding  concrete  strengths 
are  presented  in  Table  1 .  Figure  4  shows  the  relationship  between  wall-thickness- 
to-outside-diameter  ratio  (t/D^)  and  implosion  pressure  (Pj„  ).  The  relationship 
is  closely  approximated  by  a  straight  line.  Stachiw^  reported  a  similar  linear 
relationship  for  spheres  with  a  concrete  strength  of  1 1 ,000  psi  as  shown  in 
Figure  1. 

Another  finding,  which  coincided  with  earlier  work,^  was  evidence  that 
the  concrete  had  cracked  in  the  plane  of  the  wall.  Figure  5  is  a  view  of  this  in¬ 
plane  cracking,  which  was  visible  in  the  wall  of  the  sphere  with  a  t/D^  ratio  of 
0.2500.  The  following  section  discusses  the  development  and  the  influence  of 
these  cracks  on  the  behavior  of  the  spheres. 
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Figure  3.  Concrete  sphere  prior  to  placement  in  pressure  test  facility. 
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Implosion  Pressure,  Pj^  Ipsi  x  lO*^) 


Figure  4.  Experimental  relationship  between  implosion  pressure  and 


t/Do  ratio  for  concrete  spheres. 


Figure  5.  Evidence  of  in-plane  cracking  in  sphere  38,  t/Dg  ratio  0.2500. 
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Table  1 .  Concrete  Sphere  T est  Results 


Sphere 

Number" 

t/Do 

Ratio 

Implosion 

Pressure, 

Pim 

(psi) 

Concrete 

Strength,*" 

fc' 

(psi) 

Ratio 

35 

0.0625 

1,710 

6,090 

0.281 

36 

f  1250 

3,375 

5,750 

0.587 

37 

0.1875 

5,280 

5,990 

0.882 

38 

0.2500 

7,370 

6,080 

1.212 

“  Numbering  system  is  continued  from  Reference  4. 

^  Average  of  six  3  x  6-inch  control  cylinders  tested  under  uniaxial  compression. 


DISCUSSION 

Introduction 

The  response  of  concrete  spheres  to  short-term  hydrostatic  loading 
was  sequentially:  elastic  behavior,  crack  development  near  the  interior  wall 
and,  finally,  implosion.  The  development  of  cracks  within  the  concrete  wall 
relieved  strains  and  commenced  a  mode  of  behavior  which  had  an  overall 
effect  of  increasing  the  implosion  pressures  of  concrete  spheres  beyond  the 
limits  predicted  by  elastic  theory.  Because  the  presence  of  such  cracks  would 
probably  be  detrimental  to  the  structural  behavior  of  spheres  under  cyclic  or 
long-term  loading,  the  initiation  of  cracking  in  the  concrete  wall  was  defined 
as  a  failure  mode.  In-plane  cracking  failure  is  discussed  prior  to  implosion 
failure  so  that  the  effect  of  cracking  on  the  mechanics  of  implosion  may  be 
better  understood. 

In-Plane  Cracking 

A  combined  stress  state  is  induced  in  the  wall  of  a  thick-walled  sphere 
which  is  subjected  to  hydrostatic  pressure  loading.  Most  of  the  wall  cross 
section  is  under  a  triaxial  stress  state  where  tangential  stresses  at  a  defined 
radius  are  equal  and  where  the  radial  stress  varies  from  maximum  at  the  exterior 
surface  to  zero  at  the  interior  surface.  Thus,  the  interior  surface  is  under 
biaxial  stress.  Figure  6  illustrates  schematically  the  stresses  that  are  imposed 
on  elements  of  the  wall  at  the  interior  and  exterior  surfaces.  Because  the 
maximum  tangential  stress  exists  at  the  interior  surface  and  because  concrete 
is  weaker  in  biaxial  than  in  triaxial  compression,  the  interior  surface  is  the 
critical  location. 
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Figure  6.  Stresses  on  elements 
located  at  exterior  and 
interior  wall  surface  of 
concrete  sphere  loaded 
under  external  hydro¬ 
static  pressure. 
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Figure  7.  Crack  development  in 
concrete  under  biaxial 
loading. 


The  development  of 
cracks  in  cpncrete  subjected  to 
compressive  biaxial  stress  has 
been  observed  by  Robinson®  to 
develop  in  the  direction  parallel 
to  the  maximum  principal  stresses. 
His  experiments  using  biaxially 
®  loaded  concrete  slabs  showed  that 
cracking  occurred  in  the  plane  of 
the  slab,  as  seen  in  Figure  7,  due 
to  the  Poisson  effect  in  the  unre¬ 
strained  direction.  Similar  cracking 
would  be  expected  to  occur  in 
the  walls  of  concrete  spheres 
because  biaxial  stresses  existed 
at  the  interior  wall  and  because 
within  the  wall  the  maximum 
principal  stresses  in  the  tangential 
direction  were  many  times  greater 
than  the  minimum  principal  stresses 
in  the  radial  direction. 

Stachiw^  reported  a 
relaxation  or  decrease  of  strains 
as  shown  in  Figure  8,  while  the 
spheres  continually  resisted 
increases  in  hydrostatic  pressure 
loading.  From  fragments  of 
imploded  spheres,  he  also  observed 
that  cracks  existed  in  the  plane 
of  the  wall.  In  the  present  inves¬ 
tigation,  in-plane  cracking  was 
observed  in  the  fragments  of 
imploded  spheres  with  t/D^  ratios 
of  0.1 875  and  0.2500.  Figures 
shows  distinctly  a  crack  which 
runs  in  the  plane  of  the  wall  approx¬ 
imately  1  inch  from  the  exterior 
surface,  this  type  of  cracking  on 
a  more  extensive  basis  probably 
occurred  within  the  1  inch  of 
concrete  missing  on  the  interior 
surface. 
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Strain  (fiin./in.) 


Figure  8.  Typical  strains  on  interior  wall  of  sphere  with 
t/Do  =  0.2500  (after  Stachiw^). 


From  test  results  presented  by  Stachiw,^  the  hydrostatic  pressure  at 
which  in-plane  cracking  of  concrete  commenced,  Pp|,  can  be  determined  and, 
as  shown  in  Figure  8,  was  taken  at  the  point  where  strains  began  to  decrease. 
Table  2  presents  experimental  values  of  in-plane  cracking  taken  from  Stachiw's^ 
work,  and  Figure  9  shows  the  relation  between  the  pressures  at  in-plane  crack¬ 
ing  and  implosion.  As  the  wall-thickness-to-outside-diameter  ratio  increased, 
the  difference  in  pressures  between  the  two  modes  of  failure  also  increased. 


Table  2.  In-Plane  Cracking  Results 


Sphere 

Number 

t/Do 

Ratio 

Experimenta 

a 

Calculated*’ 

Ppi/fc 

Exp  Pp|/fJ 
Calc  Pp,/fJ 

Pp. 

(psi) 

«c’ 

(psi) 

Pp|/^c’ 

21 

0.0625 

3,240 

mi 

25 

0.1250 

5,960 

29 

0.1875 

7,220 

mm 

0.626 

0.680 

33 

0.2500 

8,860 

B 

0.812 

0.788 

1.03 

“  Data  was  obtained  from  experimental  results  after  Stachiw.^ 
*  These  values  were  calculated  using  Equation  5  of  this  report. 
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External  Pressure/Compressive  Strength  (Po/fJ)  Ratio 


In  order  to  predict  the  pressures  at  which  in-plane  cracking  of  concrete 
commenced,  the  Lame  classical  expression  to  calculate  the  stress  distribution 
within  a  sphere  subjected  to  uniform  external  pressure  was  initially  applied  to 
the  data  and  was  then  modified  to  account  for  the  biaxial  strength  of  concrete. 
The  elastic  thick-wall  theory  in  its  general  form  is  expressed  as  follows: 


in'  -  r,^) 


and 


(2) 


where  S,  =  wall  stress  in  tangential  direction  (psi) 

S,  =  wall  stress  in  radial  direction  (psi) 

Pj,  =  external  pressure  (psi) 
r^,  =  exterior  radius  (inches) 

Tj  =  interior  radius  (inches) 

r  =  radius  to  location  in  wall  under  consideration  (inches) 

To  find  the  stress  at  the  critical  location,  r  =  fj  was  substituted  into 
Equations  1  and  2.  The  equations  reduced  to  the  form 


and  S,  =  0 

It  was  assumed  that  the  pressure  at  initiation  of  in-plane  cracking,  Pp,, 
initiated  when  the  maximum  principal  stresses  equaled  .  the  compressive 
strength  of  the  control  cylinders.  Substituting  for  S,  and  Pp,  for  Pp  in 
Equation  3  yielded  an  expression  for  the  pressure  at  initiation  of  in-plane 
cracking  in  terms  of  sphere  geometry  and  concrete  strength. 
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where  Pp,  =  pressure  at  initiation  of  in-plane  cracking  (psi) 

fj  =  compressive  strength  of  concrete  control  cylinders  (psi) 

Equation  4  is  based  on  elastic  thick -wall  theory.  Figure  10  shows  that 
Equation  4  predicted  a  lower  in-plane  cracking  pressure  than  experimentally 
observed,  probably  because  major  cracking  did  not  occur  at  a  wall  stress  equal 
to  the  uniaxial  compressive  strength.  Instead,  the  improved  concrete  strength 
under  biaxial  compression  must  have  increased  the  pressure  load  required  to 
begin  in-plane  cracking. 


Figure  10.  Prediction  of  in-plane  cracking  in  concrete  spheres 
with  various  t/Dp  ratios. 
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Vile/  in  one  of  the  most  comprehensive  publications  on  the  strength 
of  concrete  and  mortar  under  short-term  biaxial  loading,  reported  that  the 
strength  of  mortar  subjected  to  equal  biaxial  stresses  increased  by  a  factor  of 
1 .30  over  the  uniaxial  strength.  (The  concrete  used  in  the  spheres  was  techni¬ 
cally  a  mortar.)  Figure  10  shows  the  effect  of  increasing  the  concrete  strength, 
fj,  in  Equation  4  by  Vile's  factor  of  1.30.  The  function  is  in  agreement  with 
experimental  data;  however,  the  curve  is  still  conservative  which  indicates  that 
Vile's  factor  of  1 .30  may  possibly  be  low  for  the  spheres.  The  biaxial  strength 
factor  could  have  been  greater  for  the  concrete  in  the  spherical  test  specimens 
than  in  Vile's  cube  test  specimens  because  in  the  sphere  the  curvature  of  the 
interior  surface  may  have  contributed  a  positive  influence  on  strength  due  to 
geometry;  also  the  triaxially  stressed  concrete  adjacent  to  the  interior  surface 
may  have  had  a  small  but  positive  effect  on  increasing  the  strength. 

The  actual  biaxial  strength  of  the  concrete  in  the  spheres  was  determined 
by  assuming  that  for  the  spheres  with  a  t/D^  ratio  of  0.0625,  in-plane  crack 
initiation  and  implosion  occurred  simultaneously;  the  assumption  appeared  valid 
for  the  test  results.  Equation  3  yielded  an  ultimate  biaxial  stress  of  15,300  psi. 
The  uniaxial  concrete  strength  from  control  cylinders  was  1 1,340  psi;  therefore, 
the  uniaxial-to-biaxial  strength  increase  was  a  factor  of  1.35.  Equation  4  was 
modified  to  account  for  this  increase  in  uniaxial  concrete  strength  as  follows: 


or 


(5) 


Figure  10  shows  that  Equation  5,  a  modified  elastic  theory  expression  which 
accounted  for  the  biaxial  strength  of  concrete,  predicted  the  pressure  at 
initiation  of  in-plane  cracking  in  good  agreement  with  the  experimental  results. 
Table  2  presents  the  correlation  between  experimental  and  calculated  values 
of  in-plane  cracking  pressures. 


Implosion  Failure  Mode 

Including  Stachiw's  data,^'^  a  total  of  27  spheres  have  been  tested  to 
implosion  under  short-term  loading  conditions.  Table  3  summarizes  the  test 
results  for  these  specimens,  and  Figure  1 1  shows  the  influence  of  concrete 
strength  on  the  implosion  pressures  of  spheres  of  various  t/D^  ratios.  In 
general,  an  increase  m  concrete  strength  resulted  in  an  increase  in  implosion 
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Implosion  Pressure,  Ipsi  x  10‘^) 


pressure.  Figure  12  shows  the  relationship  between  two  nondimensional 
parameters  (a)  implosion-pressure-to-concrete-strength  ratio  (Pim/fc’) 

(b)  wall-thickness-to-outside-diameter  ratio  (t/Dj,)  as  a  straight-line  function. 
A  least  squares  analysis  gave  the  following  empirical  relationship. 

Pj^  =  4.8  f;^^^  0.06  <  t/D(,  <  0.25  (6) 

where  Pj^  =  implosion  pressure  (psi) 


Thicknaw/Outsid*  Diwnater  (t/D^)  Ratio 


Figure  1 1 .  Implosion  pressures  of  spheres  of  various  concrete  strertgths. 
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T 


Figure  12.  General  relationship  for  predicting  implosion  pressures  of 
corKrete  spheres  subjected  to  hydrostatic  loading. 
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Table  3.  Summary  of  Implosion  Test  Results' 


Sphere* 

t/Do 

Ratio 

Implosion 

Pressure, 

Pirn 

(psi) 

— 

Concrete 

Strength, 

(psi) 

Ratio 

1 

0.0625 

3,100 

8,990 

0.345 

2 

0.0625 

3,050 

9,750 

0.313 

3 

0.0625 

3,200 

9,930 

0.322 

5 

0.0625 

2,850 

8,160 

0.349 

6 

0.0625 

2,500 

8,140 

0.307 

8 

0.0625 

3,600 

1 1 ,200 

0.322 

12 

0.0625 

2,750 

7,790 

0.353 

14 

0.0625 

3,300 

9,640 

0.343 

15 

0.0625 

3,485 

11,210 

0.311 

16 

0.0625 

3,400 

11,170 

0.304 

18 

0.0625 

3,375 

1 1 ,480 

0.294 

19 

0.0625 

3,450 

11,270 

0.306 

20 

0.0625 

3,425 

1 1 ,530 

0.297 

21 

0.0625 

3,240 

1 1 ,240 

0.288 

23 

0.1250 

5,720 

11,190 

0.512 

24 

0.1250 

6,330 

11,040 

0.573 

25 

0.1250 

6,590 

10,920 

0.602 

27 

0.1875 

9,250 

10,370 

0.892 

28 

0.1875 

9,175 

10,830 

0.846 

29 

0.1875 

9,500 

1 1 ,530 

0.823 

31 

0.2500 

13,800 

10,990 

1.255 

32 

0.2500 

13,575 

11,180 

1.215 

33 

0.2500 

13,550 

1C. 920 

1.240 

35 

0.0625 

1,710 

6,090 

0.281 

36 

0.1250 

3,375 

5.750 

0.587 

37 

0.1875 

5,280 

5.990 

0.882 

38 

0.2500 

7,370 

6,080 

1.212 

“  Sphere  numbers  1-16  were  subjecterl  to  various  loading  conditions.  Spheres  18-38  were 
tested  under  identical  loading  conditions  where  pressurization  rate  was  100  psi/min. 

^  Concrete  spheres  were  all  waterproofed  except  numbers  5,  6.  and  12.  Missing  sphere 
numbers  pertain  to  spheres  that  were  used  to  study  other  variables. 
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1.2 


F  igure  1 3  graphically  compares  the  implosion  and  in-plane  cracking 
modes  of  failure  for  hydrostatically  loaded  spheres.  The  deviation  between 
the  modes  of  failure  resulted  from  in-plane  cracks  which  caused  a  redistribu¬ 
tion  of  stresses  within  the  wall.  With  commencement  of  in-plane  cracking, 
the  highest  stresses  on  the  interior  wall  were  relieved  and  the  concrete  nearer 
midthickness  sustained  increased  load.  Within  the  wall  triaxial  stress  conditions 
existed  so  the  concrete  was  capable  of  attaining  considerably  higher  levels  of 
stress  than  concrete  subjected  to  uniaxial  stresses.  As  the  wall  thickness  became 
greater,  two  conditions  aided  in  increasing  the  implosion  failure  pressure  of  the 
sphere  beyond  that  predicted  by  elastic  thick-wall  theory.  The  first  was  that 
a  greater  percent  area  across  the  wall  reached  the  ultimate  concrete  compressive 
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Operational  Depth  (ft) 


Figure  14.  Tentative  operational  depth  ranges  of  concrete  spheres  based 
on  the  failure  mode  of  in-plane  cracking. 


Strength  resulting  in  a  near  uniform  stress  distribution  across  the  wall.  The 
second  was  that  the  greater  wall  thickness  confined  the  concrete  more  effec¬ 
tively  than  in  the  thinner  walls  so  that  the  actual  ultimate  compressive  strength 
of  the  concrete  was  greater  in  the  thicker  walled  spheres.  Hence,  as  the  wall 
thickness  increased  the  concrete  was  capable  of  attaining  a  higher  and  more 
uniform  stress  state  than  that  in  the  thinner  walled  spheres.  This  behavior 
would  permit  the  possibility  of  attaining  a  straight-line  relationship  between 
Pir^/fJ  andt/D„, 

UNDERWATER  CONCRETE  STRUCTURAL  APPLICATIONS 

The  depth  range  for  which  concrete  structures  have  application  in  the 
ocean  can  be  forecast  on  the  basis  of  the  experimental  information  generated 
to  date.  It  is  important  that  a  tentative  ocean  depth  range  for  concrete  be 
ascribed  so  that  ccean  structural  engineers  are  cognizant  of  the  potential  of 
concrete  for  undersea  construction.  Figure  14  shows  tentative  operational 
depths  for  concrete  spheres  for  a  wide  range  of  t/D^  ratios  and  allowable 
concrete  strengths.  The  curves  are  based  on  initiation  of  in-plane  cracking 
(Equation  5).  A  factor  of  safety  can  be  applied  to  the  curves  by  the  individual 
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reader  by  assuming  an  allowable  concrete  stress  (as  opposed  to  the  ultimate 
concrete  strength).  State-of-the-art  concrete  technology  would  permit  the 
upper  limit  on  allowable  concrete  strength  to  be  approximately  4,000  psi; 
however,  in  the  near  future  allowable  strengths  on  the  order  of  10,000  psi 
may  be  feasible  with  the  development  of  concrete— polymer  materials.® 

Buoyancy  considerations  constrain  the  practical  range  of  t/D^  ratios 
for  concrete  spheres  to  between  0.06  and  0.12.  Hence,  at  the  present  time, 
3,000  feet  in  the  ocean  appears  as  the  limiting  operational  depth  for  concrete 
spheres;  however,  this  depth  will  become  greater  as  concrete  technology 
advances. 

Another  design  constraint  on  underwater  structures  is  the  ratio  of  the 
hull  weight  to  the  weight  of  displaced  seawater.  (Positively  buoyant  structures 
have  a  weight/displacement  ratio  of  less  than  1.)  Figure  15  shows  the  relation¬ 
ship  between  weight/displacement  and  t/D^  ratios  for  various  densities  of 
concrete.  The  figure  portrays  the  design  flexibility  inherent  in  using  concrete 
as  a  construction  material  for  creating  positively  or  negatively  buoyant  spheres. 

The  major  advantage  of  utilizing  concrete  in  pressure-resistant  structures 
is  that  very  large  installations,  50  feet  in  diameter  and  greater,  could  be  built 
economically.  Spheres  having  a  constant  t/Dj,  ratio  but  an  increase  in  outside 
diameter  have  an  exponential  weight  increase;  hence,  for  large  diameter  spheres, 
small  changes  in  the  weight/displacement  ratio  represent  significant  changes  in 
actual  pounds  of  buoyancy.  Therefore,  a  requirement  of  large  facilities  is  to 
have  a  weight/displacement  ratio  that  is  in  the  approximate  range  of  0.90  to 
1.10;  because  outside  this  range  the  actual  buoyancy,  either  positive  or  negative, 
becomes  excessive.  Figures  16  and  17  show  actual  buoyancy  values  for  various 
t/Do  ratios;  note  in  Figure  16  that  a  sphere  50  feet  in  outside  diameter  with  a 
t/Dj,  ratio  of  0.08  (or  a  4.0-foot  wall  thickness)  would  have  a  positive  buoyancy 
of  400,000  pounds,  but  by  increasing  the  t/D„  ratio  to  0.09  (a  4.5-foot  wall 
thickness)  the  buoyancy  would  be  reduced  to  100,000  pounds. 

Permanent  facilities  located  on  or  under  the  ocean  floor  will  eventually 
represent  a  large  portion  of  all  underwater  structures,  although  at  present,  no 
such  facilities  exist  which  are  not  land  connected.  However,  with  the  advent 
of  new  generation  submersibles  capable  of  carrying  high  payloads,  men  and 
equipment  will  be  easily  transferred  to  and  from  permanent  structures.  Con¬ 
crete  as  a  material  will  someday  be  as  important  for  underwater  construction 
as  it  is  on  land  today. 

Applications  for  permanent  facilities  are  numerous.  Some  examples 
are  concrete  containment  vessels  for  undersea  nuclear  reactors;  facilities  to 
function  as  undersea  garages  for  the  repair  of  submarines;  stations  to  monitor 
all  sea-going  vessels,  and  enclosures  to  process  minerals,  pump  oil,  or  farm  sea 
life. 
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Figure  15.  Weight/displacement  values  for  concrete  spheres  of 
various  t/Dg  ratios. 


FINDINGS 

1 .  A  straight-line  relationship  between  implosion  pressure  and  wall-thickness- 
to-outside-diameter  ratio  was  established  for  a  given  concrete  strength;  the  slope 
of  the  straight-line  relationship  increased  for  increases  in  concrete  strength. 

2.  Two  modes  of  failure,  in-plane  cracking  and  implosion,  existed  for  thick- 
walled  concrete  spheres  having  a  t/D„  ratio  greater  than  0.0625,  while  spheres 
having  a  t/D^  ratio  of  0.0625  appeared  to  experience  implosion  failure  only. 

3.  A  modified  elastic  theory  expression,  (Equation  5)  which  accounted  for 
the  strength  of  concrete  under  combined  stresses  was  developed  to  predict 
the  pressure  at  initiation  of  in-plane  cracking  in  concrete  spheres. 

4.  A  linear,  empirical  expression,  {Equation  6)  was  developed  to  predict  the 
implosion  pressures  of  small  concrete  spheres. 
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Positive  Buoyancy  (lb  x  10*^) 


Figure  16.  Positive  buoyancy  values  for  concrete  spheres. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


It  appears  that  small  concrete  spheres  subjected  to  short-term  hydrostatic 
loading  implode  at  pressures  which  are  linearly  related  to  the  wall-thickness-to- 
ouiside-diameter  ratio  in  the  range  0.0625  through  0.2500. 

Caution  must  be  exercised  in  applying  the  results  presented  on  in-plane 
cracking.  The  expression  to  predict  this  failure  mode  (Equation  5)  was  sub¬ 
stantiated  by  only  three  sphere  tests,  whereas  the  implosion  failure  expression 
(Equation  6)  was  supported  by  27  tests.  However,  the  presence  of  an  in-plane 
cracking  failure  mode  prior  to  implosion  was  strongly  evident  from  strain  data, 
and  the  development  of  the  expression  to  predict  the  pressure  at  in-plane  cracking 
was  rational.  Hence,  the  authors  recommend  that  tentative,  generalized  predic¬ 
tions  on  the  depth  capability  of  concrete  spheres  in  the  ocean  be  based  upon  the 
pressure  at  initiation  of  in-plane  cracking,  and  that  concrete  be  considered  as  a 
construction  material  for  underwater  structures  for  use  above  the  depth  of 
3,000  feet. 
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SPECIMEN  FABRICATION  AND  TEST  PROCEDURE 


SPECIMEN  DESCRIPTION 
Dimensions 

Test  specimens  were  concrete  spheres  having  a  constant  outside 
diameter  of  16  inches  with  inside  diameters  of  8,  10,  12  and  14  inches. 
Dimensional  tolerances  on  the  diameters  were  held  to  within  ±  1/32  inch. 

Material 

Type  II,  low  heat  of  hydration,  portland  cement  and  San  Gabriel  river 
aggregate  were  the  concrete  constituents.  Aggregate  proportions  are  outlined 
in  Table  4.  The  water/cement  ratio  was  0.70  by  weight,  and  the  aggregate/ 
cement  ratio  was  3.30  by  weight.  Concrete  control  cylinders,  3x6  inches, 
attained  a  uniaxial  compressive  strength  of  approximately  6,000  psi  in  a  curing 
period  of  28  days.  The  curing  conditions  were  14  days  at  100%  RH  and  73°F 
and  14  days  at  room  conditions. 


Table  4.  Aggregate  Proportions  of  Concrete 


Passing 

Screen  No. 

Retained  on 

Screen  No. 

Percent 

Retained 

4 

8 

29.6 

8 

16 

20.8 

16 

30 

14,7 

30 

50 

10.3 

50 

100 

7.3 

100 

pan 

17.3 

Total 

100.0 

Figure  18.  Mold  for  casting  8-inch-iD,  4-inch  wall  thickness  concrete 
hemispheres. 


Casting 


Concrete  hemisphere  sections  were  cast  in  a  rigid  aluminum  mold. 

Figure  18  shows  the  assembled  mold  ready  for  casting  concrete,  while  Figure  19 
shows  the  various  interior  molds  for  the  construction  of  hemispheres  with  dif¬ 
ferent  wall  thicknesses.  The  molds  were  prepared  for  casting  by  initially  spraying 
the  aluminum  with  clear  enamel  paint  and  then  applying  a  coat  of  silicone  grease. 

An  external  form  vibrator  was  attached  to  the  r.derside  of  the  mold 
and  was  in  operation  throughout  casting  of  the  conr.ete.  The  concrete  was 
mixed  in  a  pan-type  mixer  for  a  total  of  3.0  minutes  and  then  slowly  placed 
into  the  mold,  usually  within  the  next  4  minutes. 

The  day  after  casting,  the  hemisphere  was  removed  from  the  mold  and 
the  interior  surface  was  usually  pitted  wit',  numerous  small  air  pockets.  These 
voids  were  fully  exposed  by  rubbing  d'^  wn  the  surface  with  steel  wool,  and 
then  the  voids  were  filled  with  a  cement  paste  consisting  of  Type  1 1 1  Portland 
cement  and  pan-size  aggregate  in  a  ratio  of  1 ;  1  with  only  enough  water  to  form 
a  workable  mix. 
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Figure  19.  Interior  molds  for  concrete  hemispheres. 


Fabrication 

Spheres  were  fabricated  by  bonding  together  two  hemisphere  sections 
with  an  epoxy  adhesive.  Each  section  had  its  annular  mating  surface  ground 
smooth  by  rotating  the  hemisphere  on  a  sheet  of  plate  glass  which  was  covered 
with  water  and  no.  60  silica  carbide  grit.  The  mating  surfaces  were  then  cleaned 
and  etched  with  10%  hydrochloric  acid  solution  to  assure  good  bond  between 
the  epoxy  and  concrete.  The  final  thickness  of  the  epoxy  joint  was  1/32  to 
1/16  inch.  All  spheres  were  waterproofed  by  coating  the  exterior  surface  with 
three  applications  of  a  waterproofing  epoxy. 

A  schematic  diagram  of  a  fabricated  concrete  sphere  is  shown  in  Figure  20. 
The  sphere  was  attached  to  the  head  of  the  pressure  vessel  by  a  steel,  through- 
hull  penetration  located  at  the  apex  of  the  top  hemisphere  and  bonded  to  the 
concrete  with  epoxy.  A  hole  through  the  middle  of  the  penetration  provided 
atmospheric  pressure  to  the  interior  of  the  sphere. 
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Figure  20.  Schematic  diagram  of  concrete  sphere  assembled  for  testing. 


TEST  PROCEDURE 

The  concrete  spheres  were  tested  to  failure  in  an  18-inch-ID  pressure 
vessel  having  an  operational  capability  of  20,000  psi.  Freshwater  was  used 
as  the  pressurizing  medium.  Hydrostatic  pressure  loading  was  applied  at  a 
constant  rate  of  100  psi/min  until  implosion  occurred,  and  the  implosion 
pressure  was  recorded.  Implosion  was  signaled  by  a  sharp  noise  and  a  rapid 
decrease  in  hydrostatic  pressure. 

The  fragments  of  the  imploded  spheres  were  removed  from  the  pressure 
vessels  and  inspected  for  in-plane  cracking  of  the  wall.  Figures  21  through  24 
show  the  relative  size  of  the  fragments  of  the  test  specimens. 
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Figure  21 .  Some  fragments  of  sphere  35,  t/Dg  ratio  0.0625. 


Figure  22.  Some  fragments  of  sphere  36,  t/Dg  ratio  0.1250. 
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Figure  23.  Some  fragments  of  sphere  37,  t/D^  ratio  0.1875. 


Figure  24.  Some  fragments  of  sphere  38,  VOq  ratio  0.2500. 
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ABSTRACT 

Fourteen  unreinforced  concrete  and  mortar  spheres,  66  inches  in 
outside  diameter  (OD)  and  4.125  inches  in  wall  thickness,  were  subjected  to 
simulated  deep-ocean  loading  conditions.  The  average  short-term  implosion 
pressure  for  wet -concrete  spheres  was  2,350  osi  and  for  the  dry-concrete 
spheres  was  2,810  psi;  the  average  uniaxial  compressive  strength  of  the  con¬ 
crete  was  respectively  7,810  psi  and  9,190  psi.  From  control  cylinders,  it 
was  found  that  the  uniaxial  compressive  strength  of  wet  concrete  was  10% 
weaker  than  that  of  dry  concrete.  The  ratio  of  implosion  pressure  to  com¬ 
pressive  strength,  Pifn/fJ.,  was  nearly  equal  for  the  wet-  and  dry-concrete 
spheres  at  0.301  and  0.306.  The  implosion  pressures  for  the  66-inch-OD 
concrete  spheres  could  be  predicted  conservatively  from  an  empirical  equa¬ 
tion  developed  from  16-inch-OD  mortar  spheres.  The  equation  was  not  valid 
for  66-inch-OD  mortar  spheres,  which  were  found  30%  weaker  in  implosion 
strength  than  the  66-inch-OD  concrete  spheres. 

Under  long-term  loading,  the  concrete  spheres  failed  by  static  fatigue 
where  the  relation  between  level  of  sustained  pressure  and  time  to  implosion 
was  similar  to  that  known  for  concrete  under  uniaxial  loading.  Wet-concrete 
spheres  under  seawater  pressure  as  high  as  1 ,670  psi  showed  an  average  D’Arcy's 
permeability  coefficient,  K^,  of  0.13  x  10’’^  ft/sec;  this  value  was  also 
similar  to  that  known  for  concrete  under  freshwater  pressure  as  high  as  400 
psi.  Design  guides  were  developed  to  predict  the  short-  and  long-term  implo¬ 
sion  pressures  and  permeability  rates  of  concrete  spheres. 
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INTRODUCTION 


The  objective  of  this  experimental  program  was  to  determine  the 
behavior  of  large  model  concrete  spheres  subjected  to  short-  and  long-term 
hydrostatic  loading  conditions.  The  purpose  for  the  study  was  to  generate 
data  that  would  aid  in  developing  design  guides  for  utilizing  concrete  as  a 
construction  material  for  undersea  pressure-resistant  structures. 

The  Naval  Facilities  Engineering  Command  (NAVFAC)  sponsored 
this  research  to  advance  the  state  of  concrete  technology  related  to  undersea 
structures.  Portland  cement  concrete  exhibits  several  qualities  that  make  the 
material  highly  desirable  for  ocean  structures.  Concrete  is  highly  durable  in 
the  seawater  environment  and  is  low  in  cost — both  features  are  good  advan¬ 
tages  for  massive  structures  with  long-term  undersea  missions.  Also,  complex 
structural  shapes  of  double  curvature,  such  as  spheres,  are  fabricated  rather 
easily  (even  mass-produced)  with  um  of  concrete  materials. 

The  Naval  Civil  Engineering  Laboratory  (NCEL)  has  been  conducting 
research  on  pressure-resistant  concrete  spheres  and  cylinders  since  1965.’*® 

All  this  research  has  been  performed  on  specimens  of  16-inch  outside  diameter 
(OD)  and  T,  2-,  3-,  and  4-inch  wall  thicknesses.  These  investigations  tested 
over  50  model  spheres,*  and  the  results  showed  that  concrete  was  structurally 
capable  of  being  used  as  a  deep-ocean  construction  material.  The  maximum 
operational  depth  appeared  to  be  3,0(X)  feet  for  a  buoyant  concrete  spherical 
structure. 


EXPERIMENTAL  PROGRAM 


SCOPE 


This  experimental  prog'^am  consisted  of  hydrostatically  testing  14 
unreinforced  concrete  and  mortar  spheres,  66  inches  in  OD  and  4.1 25  inches 
in  wall  thickness  (t/D^**  =  0.0625).  Table  1  presents  a  summary  of  the 


*  Over  25  model  cylindrical  structures  have  been  tested. 

*•  Ratio  of  wall  thickness  to  outside  diameter. 
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specimens.  Eleven  of  the  spheres  were  fabricated  from  a  concrete  with 
3/4-inch-maximum-si2e  aggregate  and  were  subjected  to  short-  or  long-term 
loading  with  the  concrete  either  dry  or  wet.*  Three  spheres  were  fabricated 
of  mortar  (small-aggregate  concrete)  and  were  tested  under  short-term  hydro¬ 
static  loading  with  the  mortar  dry. 


Table  1.  Specimen  Summary 


Sphere 

Wall 

■  “  1 
Condition  of 
Wall  Prior 
to  Test 

■  "  ■  "  '  '1 

Type  of  Test 

Irtstrumentation 

Designation* 

Material 

Strain  Gages 

Change-irt-Volume 

cos-1 

concrete 

dry 

short-term 

yes 

yes 

CDS-2 

concrete 

dry  1 

short-term 

no 

yes 

CWS-3 

concrete  1 

wet  : 

short-term 

yes 

yes* 

CWS-4 

concrete 

wet 

short-term 

no 

yes 

CWL-5 

concrete 

wet  1 

long-term 

yes 

yes 

CWL-6 

concrete 

wet 

long-term 

yes 

yes 

CWL-7 

concrete 

wet 

long-term 

yes 

yes 

CWL-8 

corKrete 

wet 

long-term 

yes 

yes 

CWL-9 

concrete 

wet 

lorrg-term 

yes 

yes 

COL-10 

concrete 

dry 

long-term 

yes 

yes 

COL-tl 

concrete 

dry 

long-term 

yes 

yes 

MOS'1 

mortar 

dry 

short-term 

no 

yes 

MOS-2 

mortar 

dry 

short-term 

no 

yes 

MOS-3 

monar 

dry 

short-term 
i _ 

yes 

yes 

*  For  example:  CDS  maerw  CorKrete  Dry  Short-term  load;  CWL  means  Corjcrete  Wet  Lonp-term 
load:  MDS  means  Mortar  Dry  Short-term  load. 

*  Specimen  leaked,  so  change-in-volume  measurements  were  not  accurate. 


The  deformation  behavior  of  some  spheres  was  recorded  by  using 
strain  gages  or  by  measuring  the  change  in  volume  of  the  specimen.  The  rate 
of  seawater  permeation  through  the  concrete  wall  was  obtained  for  certain 
spheres  under  long-term  loading.  Implosion  data  for  all  specimens  were 
recorded  and  compared  with  the  behavior  of  16-inch-OD  by  1 -inch-wall- 
thickness  (t/Dg  =  0.0625)  mortar  spheres:  Figure  1  gives  a  comparison  of 
size  between  the  small  and  large  models. 

•  In  this  report  "wet  concrete"  means  hardened  concrete  that  has  been  saturated  with 
seawater. 


Figure  1.  Comparison  of  size  between  spheres  of  66*inch  OD  with  4.125-inch  wall 
thickness  and  16-inch  OD  with  1.0-inch  wall  thickness. 


FABRICATION  OF  SPECIMENS 

Unreinforced  hemispheres  were  cast  of  concrete  or  mortar  by  use  of 
a  steel  mold  (Figure  2).  The  day  after  the  concrete  was  poured,  the  mold  was 
disassembled  to  remove  the  hemisphere  (Figure  3).  To  moist-cure  the  concrete, 
the  hemisphere  was  wrapped  first  in  wet  burlap  and  then  in  polyethylene  film. 
Nine  6  x  12-inch  control  cylinders  were  cast  with  each  concrete  hemisphere; 
six  of  the  cylinders  were  cured  inside  the  hemisphere  enclosure,  and  three 
cylinders  were  wrapped  in  wet  burlap  and  polyethylene  film  and  cured  next 
to  the  hemisphere  enclosure.  The  latter  cylinders  were  tested  at  an  age  of  7 
days.  Each  hemisphere,  with  six  corresponding  cylinders,  underwent  28  days' 
moist-curing  at  ambient  temperature  inside  an  open  building  and  an  additional 
28  days'  curing  at  room  conditions.  Sub^quently,  the  hemispheres  were 
placed  outdoors  in  an  unshaded  location. 

The  mortar  hemispheres  underwent  a  different  curing  procedure.  The 
hemispheres  were  wrapped  in  polyethylene  film,  without  wet  burlap  surround¬ 
ing  the  mortar,  but  with  approximately  8  gallons  of  water  ponded  at  the  bottom 
of  the  hemisphere  enclosure;  they  were  cured  outside  in  an  unshaded  location 
for  the  first  28  days,  after  which  the  polyethylene  was  removed.  Six  3  x  6-inch 
control  cylinders  were  cast  with  each  mortar  hemisphere  and  were  cured  inside 
the  hemisphere  enclosure. 
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Figure  3.  Hemisphere  being  removed  from  mold  the  day 
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When  the  hemispheres  were  over  60  days  old,  such  operations  as 
applying  strain  gages,  epoxy-bonding  end  penetrators  into  place,  or  water¬ 
proofing  the  interior  surface  were  performed.  Finally;  to  fabricate  a  sphere, 
two  hemispheres  were  bonded  together  with  an  epoxy  adhesive  (Figure  4). 


Figure  4.  Epoxy  adhesive  used  to  bond  hemispheres  together  to  form  sphere. 


Mix  design  information  on  the  concrete  and  mortar  is  contained  in 
Appendix  A.  The  concrete  was  manufactured  at  a  local  batch  plant  and 
delivered  via  transit  mix  truck,  whereas  the  mortar  was  batched  and  mixed 
in-house.  All  the  concrete  hemispheres  were  X-rayed  to  ensure  that  poten¬ 
tially  deleterious  inclusions  were  not  present  in  the  wall.  Of  24  hemispheres, 
two  were  rejected — the  first  because  of  an  excessive  number  of  small  air 
pockets  in  one  general  location  and  the  second  because  of  a  few  shrinkage 
cracks  concentrated  around  one  location.  Shrinkage  cracks  were  rarely 
observed  in  any  of  the  other  specimens.  The  mortar  hemispheres  were  not 
X-rayed. 

A  concrete  hemisphere  was  measured  to  obtain  accurate  values  of  the 
sphere  dimensions  and  to  determine  out-of-roundness.  Radius  measurements 
were  made  on  the  inside  of  the  outer  steel  mold  and  on  the  inside  of  a  concrete 
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hemisphere.  As  shown  in  Figure  5,  the  measuring  device  had  an  adjustable 
arm  to  obtain  inside  and  outside  radius  measurements  to  the  nearest  one- 
thousandth  of  an  inch  with  use  of  an  Ames  dial. 


Figun^  5.  Method  and  device  used  to  obtain  radius  measurements. 


Wall  thickness  values  at  432  locations  were  calculated  as  the  difference 
between  interior  and  exterior  radii.  A  statistical  analysis  of  the  data  yielded  the 
average  hemisphere  dimensions  given  in  Table  2.  In  summary,  the  mean  outside 
diameter  was  65.886  inches  and  the  mean  wall  thickness  was  4.1 24  inches. 

The  out-of-roundness  deviations  are  also  presented  in  Table  2.  where 
the  maximum  variation  of  the  radius  is  presented  as  a  percentage  of  the  mean 
wall  thickness.  Krenzke  and  Kieman®  employed  this  method  to  determine 
local  out-of-roundness.  They  found  that  a  near-perfect  sphere  was  one  that 
had  a  local  variation  in  dimension  of  less  than  3%  of  the  wall  thickness.  The 
maximum  local  variation  of  the  radius  for  the  concrete  sphere  was  on  the 
exterior  surface  and  was  smaller  than  the  average  radius  by  5.94%  of  the  wall 
thickness. 
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Table  2.  Hemisphere  Dimensioris  and  Out-of-Roundness  Variations 


Mean 

Starxlard  Deviation 

Maximum  Local  Variation 

Item 

Dimension 

(in.) 

Measured 

(In.) 

Percent  of 

Wall  Thickness 

Measured 

(in.) 

Percent  of 

Wall  Thickness 

Interior 

radius 

28.820 

±0.093 

±2.26 

+0.145 

-0.213 

+3.51 

-5.16 

Exterior 

radius 

32^43 

±0.083 

±2.01 

+0.150 

-0.247 

+3.64 

-5.94 

Wall 

thickness 

4.124 

±0.060 

±1.45 

+0.181 

-0.166 

+*..26 

-350 

TEST  PROCEDURE 

The  concrete  spheres  were  tested  in  NCEL's  72-inch-ID  (inside 
diameter)  pressure  vessel.  Figure  6  shows  a  concrete  sphere  rigged  for  test¬ 
ing  being  lowered  into  the  vessel. 

The  interior  of  the  sphere  was  vented  directly  to  the  atmosphere  via 
the  top  penetrator,  thus  ensuring  that  atmospheric  pressure  was  always  present 
in  the  structure  interior.  Strain  gage  wires  were  led  through  the  penetrator 
and  pressure  vessel  head  to  a  data  acquisition  system. 

Each  sphere's  interior  was  filled  with  water.  The  purpose  was 
twofold:  firstly,  to  reduce  the  shock  forces  created  by  implosion  and, 
secondly,  to  measure  the  change  in  volume  of  the  sphere  under  load.  By 
measuring  the  volume  of  water  displaced  from  the  interior  of  the  specimen, 
as  shown  in  Figure  7,  data  were  obtained  on  the  change  in  volume  of  the 
structure  under  load. 

The  procedure  for  obtaining  wet-concrete  walls  before  testing  was  to 
place  an  uncoated  sphere  on  the  bottom  of  the  pressure  vessel  and  allow  the 
seawater  to  fill  the  inside  of  the  sphere,  and  then  apply  hydrostatic  pressure. 
The  pressure  was  maintained  usually  for  7  days  at  500  psi  or  until  the  pressure 
became  constant  and  showed  no  decrease,  thus  indicating  that  the  air  pockets 
in  the  concrete  were  filled  with  water.  The  exterior  and  interior  walls  of  dry- 
concrete  spheres  were  waterproofed  with  an  epoxy  or  phenolic  coating. 

The  hydrostatic  load  was  applied  to  the  specimens  at  a  pressurization 
rate  of  100  psi/min.  Implosion  of  the  concrete  spheres  was  abrupt  and  loud. 
Pressure  dropoff  was  almost  instantaneous  as  the  seawater  inside  the  vessel 
forced  its  way  through  the  top  penetrator  to  the  vessel  exterior.  The  failed 
specimens  were  removed  from  the  vessel,  and  the  fragmented  spheres  were 
inspected  for  failure  location  and  unusual  crack  patterns. 
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Figure  6.  Concrete  sphere  prepared  for  test  In  72-inch-ID  pressure  vessel. 
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Figure  7.  Procedure  for  collecting  displaced  water  from  sphere  interior. 


RESULTS  AND  ANALYSIS 

SHORTTERM  BEHAVIOR 
Implosion 

Implosion  test  results  are  presented  in  Table  3.  The  concrete 
spheres  exhibited  considerably  higher  implosion  pressures,  than  the 
mortar  spheres  for  similar  uniaxial  compressive  strengths,  average  values 
of  the  nondimensional  strength  parameter,  Pj^/f' ,  were  0.306  and  0.301  for 
dry-  and  wet-concrete  spheres,  respectively.  The  difference  between  dry-  and 
wet-concrete  spheres  was  not  found  significant  in  terms  of  Pi„,/fc  ratio;  how¬ 
ever,  the  uniaxial  compressive  strength  of  6  x  12-inch  control  cylinders  (from 
specimens  CWS-3  through  CWL-9,  see  Appendix  B)  was  reduced  an  average  of 
10%  by  wetting  the  concrete.  This  reduction  in  strength  caused  the  wet  spheres 
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to  implode  at  lower  pressures,  directly  proportional  to  the  strength  decrease, 
The  average  implosion  pressures  for  the  dry-  and  wet-concrete  spheres  were 
2,810  and  2,350  psi  for  uniaxial  concrete  strengths  of  9,190  and  7,810  psi, 
respectively. 


Tables,  implosion  Test  Results 


Sphere 

Designation 

Wall 

Material 

Condition 

of 

Wall 

Implosion 
Pressure, 
Pirn  ‘PS'> 

Uniaxial  Compressive 
Strength,  fg  (psi)" 

Pim/'i 

Ratio 

CDS-1 

concrete 

dry 

2360 

9350 

0.309 

CDS-2 

concrete 

dry 

2,755 

9,120 

0.302 

Average 

0.306 

CWS-3 

concrete 

wet 

2300 

7360 

(9,010)^ 

0.314 

CWS-4 

concrete 

wet 

2305 

0388 

Average 

0.301 

MOS-1 

mortar 

dry 

1360 

8330 

0.222 

MDS-2 

mortar 

dry 

1.730 

8310 

0316 

MDS-3 

mortar 

dry 

1,780 

9,150 

0.195 

Average 

0311 

*  Strengths  were  from  control  cylirxlers  (six  6  x  12-inch  cylirxJers  for  dry  concrete,  three 
6x1 2-inch  cylirxJers  for  wet  corKrete,  and  six  3  x  6-inch  cylirxjers  for  the  mortar)  that 
corresporrded  to  the  weakest  hemisphere  of  the  sphere. 

^  Dry-concrete  strertgth  from  three  6  x  12-ifKh  control  cylirxJers. 


The  mortar  spheres  had  an  average  Pi,^/fc  ratio  of  0.21 1 ,  approximately 
30%  less  than  that  of  the  concrete  spheres. 

The  mechanical  properties  of  the  control  cylinders  are  given  in 
Appendix  B.  In  general,  the  concrete  and  mortar  had  a  uniaxial  compressive 
strength  of  approximately  8,000  to  9,000  psi;  the  secant  modulus  at  one-half 
f'  was  an  average  of  4.12  x  10®  psi  for  concrete  and  3.45  x  10®  psi  for  mortar. 
The  moduli  of  wet  and  dry  concrete  were  found  to  be  approximately  the  same. 
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Results  of  controlled  tests  on  3  x  6-inch  and  6  x  1 2-inch  specimens 
showed  the  effect  of  control  cylinder  size  on  the  compressive  strengths  of 
concrete  and  mortar  to  be  insignificant.  These  results  are  presented  in 
Appendix  C.  Hence,  the  compressive  strength,  f^,  used  in  this  report  was 
not  modified  for  changes  in  control  cylinder  size  between  3  x  6-inch  mortar 
cylinders  and  6  x  12-inch  concrete  cylinders. 

A  view  of  a  typical  imploded  sphere  under  short-term  loading  is 
shown  in  Figure  8;  post-implosion  views  of  the  other  specimens  are  shown 
in  Appendix  D.  The  specimens  failed  because  the  sphere  had  "flat  spots" 
that  produced  higher  than  average  stresses  at  those  locations  and  eventually 
caused  the  concrete  wall  to  fail  in  compression— shear.  The  typical  concrete 
compression— shear  failure  occurred  along  one  arc  of  the  sphere  and  was 
usually  2  to  4  feet  in  length.  Figure  9  shows  a  mortar  sphere  fragment  that 
revealed  the  compression— shear  angle.  For  most  specimens,  the  shear  angle 
ranged  from  30  to  40  degrees  from  a  line  tangent  to  the  exterior  surface  of 
the  sphere. 

After  the  failure  shear  plane  was  formed,  the  instantaneous  release 
of  strain  energy  in  the  wall  coupled  with  the  implosion  shock  forces  usually 
caused  the  concrete  to  break  in  many  places.  These  secondary  cracks  were 
normal  to  the  exterior  surface.  Figure  9  also  shows  the  secondary  cracks. 

Figure  10  shows  a  secondary  crack  that  crossed  the  equatorial  joint. 
Note  that  the  joint  is  hardly  discernible.  It  appeared  the  effect  of  the  joint 
on  the  structural  behavior  of  the  sphere  was  not  significant  and  did  not  lower 
the  implosion  pressure. 

Deformation 

Strain.  Concrete  spheres  CDS-1  and  CWS-3  were  instrumented  with 
12  interior  and  12  exterior  gages,  as  shown  in  the  layout  of  Figure  11.  Average 
interior  and  exterior  strain  behaviors  for  the  dry-concrete  sphere,  CDS-1 ,  are 
plotted  in  Figures  12  and  13.  Strain  data  from  wet-concrete  sphere  CWS-3 
were  considered  unreliable  and  are  not  presented.  (Wet-concrete  strain  data 
are  given  in  the  long-term  behavior  section.) 

The  strain  gage  layout  for  the  mortar  sphere,  MDS-3,  was  quite 
different  from  that  for  the  concrete  spheres.  Twelve  60-degree  rosettes 
were  placed  uniformly  on  each  interior  and  exterior  surface  (a  total  of  72 
single  gages).  Figure  14  shows  a  portion  of  the  gage  layout.  The  average 
interior  and  exterior  behaviors  of  the  mortar  sphere  are  shown  in  Figures 
15  and  16. 

Classical  elastic  theory  for  thick -walled  spheres  predicted  that  the 
interior  strain  should  have  been  approximately  15%  greater  than  the  exterior 
strain.  Results  from  the  dry-concrete  and  mortar  spheres  showed  that  the 
interior  strain  was  greater  than  the  exterior  strain  by  18  and  13%,  respectively, 
when  the  specimens  were  near  implosion. 
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Figure  14.  Rotette  layout  on  interior  of  bottom  hemisphere  of  sphere  MDS-3. 


A  study  of  the 
individual  gage  behavior 
of  mortar  sphere  MDS-3 
revealed  that  the  location 
of  the  compression— shear 
failure  of  the  concrete 
occurred  between  a  rosette 
that  recorded  the  highest 
compressive  strains  and 
another  rosette  that 
recorded  the  highest  tan¬ 
gential  shear  strains.  The 
failure  location  on  the 
sphere  in  relation  to  the 
rosettes  is  shown  in 
Figure  17.  The  rosette 
recording  high  compressive 


Figure  IS.  Interior  (train  behavior  of  iphere  MDS-3. 


strain  (strain  on  the  order  of  4,300  /linyin.  compared  with  the  average  strain 
of  2,600  /iinVin.)  signified  that  the  rosette  was  at  or  near  the  center  of  a  flat 
spot  where  curvature  was  decreasing;  whereas  the  rosette  recording  high  tan¬ 
gential  shear  strain  signified  that  the  rosette  was  on  the  edge  of  the  flat  spot 
where  the  curvature  was  increasing  in  one  direction.  Hence,  the  concrete 
failure  occurred  within  a  flat  spot  locality. 


Exterior  Strein  btinVin.) 

Figure  16.  Exterior  strein  behavior  of  sphere  MDS-3. 


Change  in  Volume.  The  spheres  decreased  in  volume  as  the  hydrostatic 
pressure  was  increased.  A  direct  measure  of  the  change  in  interior  volume  was 
obtained  by  collecting  water  displaced  from  the  sphere  interior.  By  assuming 
that  the  sphere  deformed  uniformly  under  hydrostatic  loading,  the  change-in¬ 
volume  measurements  were  directly  related  to  interior  strain  values.  For  the 
spheres,  the  accuracy  of  displaced-water  measurements  was  ±3.53  x  10*^  ft^ 
(±10  ml),  which  represented  approximately  ±2  pinyin.  of  interior  strain. 
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rotette  located  on  interior  wall 


rosette  located  on  exterior  well 


Figure  17.  Compression— shear  failure  location  for  sphere  MDS-3  shown  in  relation  to 
rosettes  recording  highest  tangential  shear  and  highest  compressive  strains. 


Figures  18  and  19  show  the  short-term  change-in-volume  behavior 
of  the  concrete  and  mortar  spheres.  For  the  dry-concrete  and  mortar  spheres 
the  maximum  change  in  volume  was  fairly  constant  at  approximately  1%  of 
the  total  interior  volume.  This  indicated  that  the  implosion  failure  of  the 
spheres  was  defined  by  a  strain  criterion  based  on  out-of-roundness.  The 
out-of-roundness  for  the  concrete  and  mortar  spheres  was  the  same  because 
the  same  mold  was  used  to  fabricate  the  hemispheres.  The  change-in-volume 
behavior  of  only  one  wet-concrete  sphere  (CWS-4)  was  obtained,  and  this 
sphere  imploded  at  an  ultimate  change  in  volume  25%  less  than  the  dry- 
concrete  spheres. 
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Figure  18.  Change-in-volume  behavior  for  wet-  and  dry-concrete  spheres. 


Change-in-volume  measurements  were  converted  into  interior  strain 
values  and  then  compared  to  strain  gage  averages  for  two  specimens,  CDS-1 
and  MDS-3  (Figures  20  and  21).  Excellent  agreement  was  found  between 
change-in-volume  and  average  strain  behavior;  thus,  the  change-in-volume 
behavior  was  used  as  a  reliable  indication  of  interior  strain  behavior  on  the 
other  specimens  that  were  not  with  instrumented  strain  gages. 

Comparison  With  16-lnch-OD  Spheres 

Considerable  research  on  16-inch-OD  mortar  spheres  has  been 
previously  conducted  at  NCEL.’"^  The  66-inch  specimens  were  directly 
scaled  from  one  particular  model  size,  16-inch  OD  by  1-inch  wall  thickness; 
the  t/Dg  ratio  for  both  size  specimens  was  0.0625.  Five  16-inch-OD  spheres 
were  tested  under  short-term  loading  conditions  very  similar  to  those  for  the 
66-inch-OD  specimens. 
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Figure  19.  Change-in-volume  behavior  for  dry-mortar  spheres. 


Implosion.  Table  4  compares  the  implosion  results  for  the  different 
spheres.  The  66-inch  concrete  spheres  had  an  average  Pj^/f^  ratio  3%  greater 
than  that  of  the  16-inch  mortar  spheres;  whereas  the  66-inch  mortar  spheres 
had  an  average  Pj^/fc  ratio  28%  less  than  that  of  the  16-inch  mortar  spheres. 
An  empirical  equation  was  developed  in  earlier  work  to  predict  the  implosion 
pressures  for  16-inch-OD  spheres  of  various  t/D^  ratios  between  0.06  and  0.25 
(Appendix  E  summarizes  this  development).  The  equation  is 


Pirn  = 

5.02(1 

-  0.038 

»/ 
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where 

t 


Do 


implosion  pressure  (psi) 
wall  thickness  (in.) 
outside  diameter  (in.) 

ultimate  uniaxial  compressive  strength  from  3  x  6-inch 
control  cylinders  (psi) 


0  SOO  1,000  1,500  2,000  2,500  3,OOC  3,500 

Interior  Strain  («iin7in.) 


Figure  20.  Comparison  of  interior  strains  obtained  from  electrical  resistarKe  strain  gages 
and  change-in-volume  measurements  for  sphere  CDS-1 . 


By  use  of  Equation  1 ,  predictions  were  made  of  the  implosion 
pressures  for  66-inch-OD  spheres.  Figure  22  shows  that  for  the  66-inch 
concrete  spheres  the  predictions  were  conservative  to  the  same  degree  as 
that  for  the  16-inch  mortar  spheres.  However,  for  the  66-inch  mortar 
spheres,  the  predicted  implosion  pressures  were  considerably  higher  than 
the  actual  implosion  pressures. 
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Figure  21 .  Comparison  of  interior  strains  obtained  from  electrical  resistance  strain 
gages  and  change-in-volume  measurements  for  sphere  MDS-3. 


Strain.  The  average  strain  behaviors  for  the  different  16-  and 
66-inch-OD  spheres  are  shown  in  Figure  23.  To  obtain  the  mean  interior 
strain  behavior  for  the  66-inch-OD  spheres  of  concrete  and  mortar,  change- 
in-volume  and  strain  gage  data  were  averaged  together.  Two  16-inch-OD 
spheres  compose  the  average  for  the  smaller  models.  The  ordinate  of  the 
figure,  ratio  of  external  pressure  to  concrete  compressive  strength  (P/f'l,  is 
a  nondimensional  parameter  that  aids  in  comparing  the  different  specimens 
because  the  effect  of  a  varying  compressive  strength  between  specimens  has 
been  removed. 
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Sphere  Size 

Outside 

Diameter 

(in.) 

Wall 

Thickness 

(in.) 

16 

1 

66 

4.125 

66 

4.125 

Table  4.  Comparison  of  Implosion  Results 


Implowon  Results 


No.  of  Ratio  of  Implosion  Standard 
Specimens  Pressure  to  Deviation 

Compressive  (Coefficient 
Strengtti,  Pjm/fc  of  Variation) 


16>in.  spheres 
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External  Praiture  Comprenive  Strength,  P/f^ 


Figure  23.  Comparison  of  interior  strains  for  dry-concrete  and  mortar  66-  and  16-inch-OD 
spheres. 


The  range  of  strain  behavior  between  the  various  sizes  of  spheres 
was  substantial.  The  66-inch-OD  concrete  spheres  were  noticeably  stiffer 
than  the  16-inch-OD  mortar  spheres;  the  66-inch  mortar  spheres  showed  the 
lowest  stiffness. 

Of  interest  is  a  comparison  of  the  ultimate  strain  between  the  large 
concrete  spheres  and  the  smaller  mortar  spheres.  The  ultimate  strain  of  the 
66-inch  spheres  was  approximately  3,400  /linVin.,  whereas  that  of  the  16-inch 
spheres  was  approximately  4,400  /iin./in.  This  difference  could  represent  the 
effect  of  out-of-roundness.  The  16-inch  spheres  were  fabricated  to  a  radius 
tolerance  of  3%  of  the  wall  thickness;  the  66-inch  spheres  had  a  radius  toler¬ 
ance  of  6%  of  the  wall  thickness.  Perhaps  if  the  larger  spheres  had  had  better 
dimensional  tolerances  the  spheres  could  have  experienced  higher  ultimate 
strains  and  consequently  attained  higher  implosion  pressures. 
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Discussion.  The  large  concrete  spheres  showed  a  higher  Pj^/^c 
and  a  stiffer  strain  response  to  pressure  load  than  did  the  16-inch  mortar  spheres. 
It  therefore  appears  safe  to  assume  that  Equation  1  is  applicable  for  predicting 
the  implosion  pressure  for  concrete  spheres  larger  than  16  inches  OD. 

The  "weak"  structural  performance  of  the  66-inch  mortar  spheres 
could  be  attributed  to  two  causes:  size  effect  and  poor  curing  of  the  mortar 
hemispheres. 

Size  effect  is  a  phenomenon  exhibited  by  certain  materials  that  relates 
to  the  apparent  decrease  in  strength  with  corresponding  increase  in  specimen 
size.  The  most  frequently  used  parameter  to  evaluate  size  effect  is  the  volume 
of  material  in  the  test  specimen.  For  the  spheres,  the  material  volume  ratio 
between  the  16-  and  66-inch-OD  sizes  was  70.1 .  Past  work  on  solid  concrete 
cylinders’  and  cubes®  has  shown  a  decrease  in  strength  of  13  and  1 5%,  respec¬ 
tively,  for  a  volume  ratio  of  70.  However,  size  effect  has  been  observed  to 
decrease  for  higher  strength  concretes.  The  past  work  used  concretes  of 
3,000  to  7,000  psi,  whereas  the  sphere  studies  used  mortar  having  a  strength 
from  8,000  to  1 1 ,000  psi.  Also,  as  shown  in  Appendix  C,  no  size  effect  was 
observed  between  3x6-  and  6  x  1 2-inch  control  cylinders  fabricated  of  the 
concrete  and  mortar  used  in  this  study.  Therefore,  it  strongly  appears  that 
the  size  effect  between  the  66-  and  16-inch  mortar  spheres  should  have  been 
less  than  13%.  Furthermore,  it  should  also  be  noted  that  there  was  no  apparent 
size  effect  between  the  66-inch  concrete  spheres  and  16-inch  mortar  spheres. 

The  curing  condition  for  the  66-inch  mortar  hemispheres  appears  to 
have  been  detrimental  to  the  mechanical  properties  of  the  mortar.  The  large 
mortar  hemispheres  were  wrapped  in  polyethylene  film  (plastic  sheet)  with 
water  ponded  on  the  bottom  and  were  cured  in  an  unshaded  location.  On 
inspection  of  the  hemispheres  during  curing,  it  was  observed  that  the  mortar 
near  the  equator  on  the  exterior  surface  appeared  dry.  In  this  region,  the 
polyethylene  film  was  in  direct  contact  with  the  concrete  and  prevented  free 
moisture  from  wetting  the  concrete  surface.  All  other  locations  on  the  hemi¬ 
sphere  appeared  wet;  thus  the  mortar  on  the  exterior  surface  next  to  the 
equator  might  not  have  cured  like  the  remainder  of  the  hemisphere. 

The  differential  shrinkage  which  occured  between  the  dry  exterior 
and  wet  interior  surfaces  could  have  cau^d  microcracks  to  form  within  the 
hemisphere  wall.  This  condition  of  differential  shrinkage  would  have  been 
aggravated  because  of  the  large  surface-to-volume  ratio  of  the  hemisphere 
and  because  large  aggregate  and  steel  reinforcement  were  not  present  to  assist 
in  restraining  shrinkage.  Visible  shrinkage  cracks  were  not  detected  on  the 
exterior  surface  before  testing;  yet  internal  microcracks  were  probably  present. 

The  strain  behavior  of  the  large  mortar  spheres,  as  shown  in  Figure  23, 
revealed  that  microcrack  development  was  more  pronounced  at  earlier  loads 
than  for  the  smaller  spheres;  the  relationship  of  P„„/%  ratio  versus  strain  for 
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the  larger  spheres  deviated  from  linearity  at  lower  loads  than  those  for  the 
smaller  spheres.  From  these  data,  it  appeared  shrinkage  microcracks  were 
present. 

The  authors  believe  that  the  principal  cause  of  the  low  implosion 
pressures  and  highly  nonlinear  strain  behavior  of  the  66-inch  mortar  spheres 
compared  with  that  of  the  16'inch  spheres  was  the  poor  curing  condition  of 
the  larger  specimens. 

LONG-TERM  BEHAVIOR 

Seven  spheres  were  tested  under  long-term  hydrostatic  loading  to 
determine  the  time  to  implosion,  time— deformation  behavior,  difference 
in  long-term  response  between  wet-  and  dry-concrete  spheres,  and  concrete 
permeability.  Spheres  CWL-5  through  CWL-9  were  not  waterproofed,  whereas 
spheres  CDL-10  and  CDL-1 1  were  coated  with  a  waterproofing  compound 
(Phenol ine  300  orange  primer  and  top  coat). 

Five  spheres  (CWL-5,  CWL-7,  CWL-8.  CWL-9,  and  CWL-10)  were 
pressurized  to  sustained  loadings  until  the  spheres  imploded;  two  spheres 
(CWL-6  and  CDL-1 1)  were  pressurized  to  sustained  loadings  for  periods  of 
1,000  and  500  hours,  respectively,  at  which  times  the  loadings  were  increased 
at  a  rate  of  100  psi/min  until  implosion  occurred.  Spheres  CWL-5  and  CWL-9 
were  subjected  to  two  levels  of  sustained  pressure — the  first  level  designed  to 
secure  deformation  and  permeability  data  at  low  pressure  loads  and  the 
second  level  to  determine  time  to  implosion.  The  tests  at  the  first  pressure 
level  were  designated  CWL-5A  and  CWL-9A,  at  the  second  level  they  were 
CWL-5B  and  CWL-9B. 

Time  to  Implosion 

Table  5  summarizes  the  long-term  implosion  results.  The  pressure 
levels  were  20,  50,  80,  85,  and  90%  of  the  spheres’  predicted  implosion  pres¬ 
sures  (Ppi„).  The  average  value  of  “  0.301  was  used  to  predict  the 
implosion  pressure  for  the  wet-concrete  spheres  (CWL-5  through  CWL-9), 
and  the  average  value  of  Pj„,/fc  =  0.306  was  used  for  the  dry-concrete  sphere 
(CDL-10  and  CDL-1 1 ).  The  time-to-implosion  data  are  shown  in  Figure  24 
as  the  ratio  of  sustained  pressure  to  predicted  implosion  pressure,  P,/Ppio,. 
versus  time.  Also  presented  are  data  by  Rusch®  on  concrete  under  sustained 
uniaxial  compression  and  the  results  of  sustained  pressure  tests  on  16-inch-OD 
X  1-inch-wall-thickness  spheres.^®  A  straight  line  was  fitted  through  Rusch’s 
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data  and  another  line  through  the  66-inch-OD  sphere  results;*  both  wet-  and 
dry-concrete  sphere  results  were  included.  The  equations  of  the  lines  for  the 
uniaxially  loaded  specimens  and  the  66-inch  concrete  spheres  respectively  are 
as  follows: 


n 


0.925  -  0.0356  log, oT 


(2) 


^  =  0.908  -  0.0360  log, oT 

”pim 


where 


n 


sustained  uniaxial  compressive  stress  (psi) 
ultimate  uniaxial  compressive  strength  (psi) 
time  to  implosion  (hr) 
sustained  hydrostatic  pressure  (psi) 
predicted  implosion  pressure  (psi) 


(3) 


The  slopes  of  the  lines  were  essentially  the  same,  which  indicated  that  the 
creep  failure  mechanisms  of  the  concrete  in  the  different  tests  were  similar. 
The  probable  cause  for  the  difference  between  the  lines  was  the  higher-than- 
average  stresses  at  out-of-roundness  locations  on  the  sphere.  Those  areas  of 
high  stress  strained  with  time  at  a  greater  rate  than  did  the  areas  of  average 
stress;  hence  the  spheres  would  implode  earlier  than  would  uniaxially  loaded 
cylinders,  in  which  stress  redistribution  occurs.  The  small  spheres  that  were 
less  out-of-round  than  the  66-inch-OD  spheres  failed  (with  one  exception) 
with  good  agreement  to  Riisch's  data. 

The  general  agreement  between  results  implied  that  the  concrete 
spheres  under  the  unique  loading  condition  of  uniform  hydrostatic  pressure 
behaved  in  a  manner  similar  to  the  known  behavior  of  concrete.  The  authors 
tentatively  recommend  that  Equation  3  be  used  to  approximate  the  expected 
life  of  concrete  spherical  structures  and  that  the  maximum  applied  pressure 
should  not  be  greater  than  70%  of  the  predicted  implosion  pressure.**  At 
70%,  Equation  3  yields  an  expected  life  of  68  years. 


•  Results  from  spheres  CWL-6  and  CDL-1 1  were  used  in  fitting  the  straight  line  by 
assuming  that  the  spheres  imploded  at  1,000  and  500  hours  respectively.  This  was 
a  conservative  assumption. 

**  Present  state  of  the  art  suggests  that  concrete  under  sustained  uniaxial  load  should 
not  be  subjected  to  over  70%  of  the  ultimate  concrete  compressive  strength.'’' 
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Table  5.  Summary  of  Long-Term  Implosion  Results 


:DL-1  1  did  not  implode  under  sustained  pressure,  so  the  test  was  terminated  by  raising  the  pressure 


29 


Ratio  of  applied  pressure  to  predicted  implosion  pressure  as  function  of  the 
logarithm  of  time  to  implosion. 


Implosion  Failure 


Spheres  under  long-term  loading  failed  in  a  manner  similar  to  that  of 
those  under  short-term  loading;  a  typical  concrete  compression— shear  zone 
was  formed.  Unlike  spheres  in  the  short-term  tests,  spheres  that  imploded 
under  sustained  load  did  not  fracture  into  many  segments  (Figure  25),  and 
in-plane  cracks  were  considerably  more  evident  in  the  failure  zone  (Figures 
26  and  27). 


Figure  25.  Localized  failure  of  sphere  CWL-7  shows  compression-shear  zone  that 
circumscribes  three^iuarters  of  the  hole. 


Studies  of  the  short-term  behavior  of  16-inch-OD  spheres  clearly 
showed  the  formation  of  in-plane  cracking  in  spheres  with  t/D^  ratios  of 
0.125  and  greater*  These  cracks  were  due  to  tensile  radial  strains.  The  16- 
and  66-inch-OD  spheres  having  a  t/D^  of  0.0625  and  subjected  to  short-term 
loading  did  not  exhibit  visible  in-plane  cracks. 

It  appears  that  a  combination  of  two  factors  caused  in-plane  cracking 
in  the  66-inch-OD  sphere  under  long-term  loadings.  These  factors  are:  (1) 
concrete  under  biaxial  and  triaxial  compression  fails  by  forming  cracks  in 
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planes  parallel  to  the  maximum  principal  stresses,  which  for  spheres  under 
hydrostatic  loading  is  in  the  plane  of  the  wall  thickness;  and  (2)  the  stress  at 
the  interior  surface  of  the  spheres  was  greater  than  at  the  exterior,  thus  creep 
was  greater  at  the  interior  than  at  the  exterior.  This  difference  in  creep  strain 
rate  between  the  interior  and  exterior  produced  an  additional  radial  tensile 
strain  across  the  wall;  this  condition  resulted  in  the  development  of  tensile 
cracks  within  the  plane  of  the  wall  thickness. 


Figure  26.  Failure  zone  of  sphere  CWL*5,  showing  results  of  in-plane  cracking. 
Approximately  1  inch  of  the  exterior  surface  is  removed. 


Effect  of  Sustained  Loading  on  Implosion  Pressure 

Spheres  CWL-6  and  CDL-1 1  were  pressurized  to  implosion  after  a 
sustained  pressure  of  80  and  85%  of  Pp,^  did  not  result  in  a  static  fatigue 
failure  after  1 ,000  and  500  hours,  respectively.  The  implosion  pressures, 
after  the  sustained  loads  were  resisted,  for  spheres  CWL-6  and  CDL-1 1 ,  were 
44  and  13%  greater  than  the  predicted  pressure.  The  sustained  load  did  not 
adversely  affect  the  implosion  pressure  of  either  wet-  or  dry-concrete  sphere. 
This  general  result  agreed  with  results  of  experiments  on  concrete  cylinders 
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under  uniaxial  loads;  these  results  demonstrated  an  approximate  4%  strength 
increase  for  both  wet  and  dry  specimens  after  5  months  of  sustained  load  at 
22%  of  the  short-term  strength.’^ 


Figure  27.  Irt-plane  cracks  are  evident  around  failure  zone  of  sphere  CWL-9  loaded  to 
85%  Ppim- 


The  finding  implied  that  the  predicted  implosion  pressure  will  not  be 
lowered  and  may  even  be  increased  when  spheres  are  loaded  to  sustained 
pressures  that  do  not  cause  static  fatigue  failure. 

Deformation  Under  Long-Term  Loading 

Deformation  of  the  spheres  under  long-term  loading  was  monitored 
with  electrical  resistance  strain  gages  and  change-in-volume  measurements. 
Spheres  CWL-5  and  CWL-6  had  interior  and  exterior  gages  as  shown  in  Fig¬ 
ure  1 1 ;  spheres  CWL-7  through  CDL-1 1  had  only  six  interior  gages,  located 
at  positions  1  through  6  in  Figure  11. 
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Figure  28.  Interior  strain  behavior  for  sphere  CWL-S. 


Strain  During  Increasing  Loading.  Figures  28  through  34  present 
P/fg  versus  the  average  interior  strain  and  change-in-volume  strain  for  spheres 
CWL-5  through  CDL-1 1  as  the  pressure  was  increased  at  a  rate  of  100  psi/min. 
For  most  of  the  specimens  (CWL-6,  CWL-8,  G/VL-9A,  CWL-9B,  CDL-10,  and 
CDL-1 1 )  the  change-in-volume  strains  indicated  the  same  deformation  behavior 
as  the  average  interior  strain  gages. 

Four  spheres  underwent  two  stages  of  pressurization — the  first 
pressurization  stage  to  a  sustained  load  held  for  500  or  1 ,000  hours  and  the 
second  pressurization  stage  to  a  higher  sustained  load  (spheres  CWL-5  and 
CWL-9)  or  to  implosion  (spheres  CWL-6  and  CDL-1 1 ).  Figures  28,  29,  32, 
and  34  show  that  each  sphere  became  stiffer  after  the  period  of  sustained 
load.  The  stiffness  increase  was  not  caused  solely  by  further  hydration  of 
the  cement,  because  both  the  wet-concrete  spheres  (CWL-5,  CWL-6  and 
CWL-9)  and  the  dry-concrete  sphere  (CDL-1 1 )  showed  similar  stiffness 
increases.  This  stiffness  increase  might  have  been  a  result  of  compaction 
of  the  concrete  because  of  creep. 
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Results  of  experiments  on  concrete  cylinders  under  sustained 
uniaxial  load  also  showed  that  both  wet  and  dry  concrete  exhibited  an 
increase  in  elastic  modulus  after  periods  of  sustained  load.’^ 


Figure  29.  Strain  behavior  for  sphere  CWL-6. 


Strain  During  Sustained  Loading.  The  strain  behavior  of  the  spheres 
under  sustained  loading  has  been  summarized  in  Figures  35  and  36,  in  which 
the  average  interior  strain  is  shown  as  a  function  of  log  time.  A  series  of 
straight  lines  closely  fit  the  strain-versus-log-time  data.  Strain  response  ver¬ 
sus  rectilinear  time  for  individual  sphere  tests  is  given  in  Appendix  F;  these 
figures  show  typical  concrete  creep  behavior. 
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Ext«m«l  Pratturt/Comprenivs  Strength,  P/fc 


Figure  30.  Interior  strain  behavior  for  sphere  CWL-7. 


Figure  31 .  Interior  strain  behavior  for  sphere  CWL-8. 
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Figure  34.  Interior  strain  behavior  of  sphere  CDL-11. 
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Figure  35.  Interior  creep  strain  behavior  ft 
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The  principal  feature  shown  by  Figures  35  and  36  is  that  the  creep 
strain  of  the  dry -concrete  spheres  was  considerably  greater  in  magnitude  and 
in  rate  than  that  of  the  wet-concrete  spheres  under  the  same  pressure.  This 
result  agrees  with  the  finding  of  16-inch-OD  mortar  spheres  under  sustained 
load  equal  to  50%  of  the  predicted  implosion  pressure;  the  dry-mortar  sphere 
had  a  higher  creep  rate  and  total  strain  than  a  wet-mortar  sphere.’®  Also, 
tests  of  concrete  cylinders  under  uniaxial  sustained  loads  equal  to  50%  of 
their  ultimate  strength  have  shown  that  at  50%  relative  humidity  the  creep 
strain  is  more  than  twice  that  at  100%  relative  humidity.’®  Other  investi¬ 
gators  have  shown  that,  although  the  cr^p  rate  of  dry  concrete  is  initially 
higher  than  that  of  wet  concrete,  the  rates  become  approximately  equal  after 
several  years  of  sustained  load.’^  In  general,  results  of  the  creep  strain  behav¬ 
ior  of  the  concrete  spheres  agreed  with  past  research  on  the  creep  of  concrete 
under  uniaxial  sustained  loads. 

The  maximum  strain  at  failure  varied  considerably  for  the  various 
spheres.  For  the  wet -concrete  specimens  that  imploded  after  time  under  load, 
the  specimens  subjected  to  90%  (spheres  CWL-5B  and  CWL-7)  had  ulti¬ 
mate  strains  lower  than  those  at  85%  Ppi^-  This  finding  agreed  with  results 
by  Sell”  that  indicated  that  dry  concrete  showed  lower  ultimate  strains 
when  subjected  to  higher  sustained  uniaxial  loads. 

Permeability 

The  permeability  of  the  five  wet-concrete  spheres  to  seawater  was 
determined  by  measuring  the  quantity  of  water  flowing  out  of  the  spheres 
with  time.  (The  spheres  were  filled  with  water  at  zero  pressure  loading  so 
water  flowing  out  of  the  sphere  at  the  top  penetrator  was  collected  and 
measured.)  The  water  outflow  was  plotted  versus  time  with  zero  time  begin¬ 
ning  when  constant  pressure  was  attained  (Figures  37  through  40).  Although 
the  outflow  was  a  combined  result  of  viscous  deformation  and  concrete  per¬ 
meability,  the  outflow  due  to  permeability  was  orders  of  magnitude  greater 
than  that  due  to  deformation  when  tests  continued  for  over  100  hours. 

Previous  studies  by  the  Bureau  of  Reclamation’®  have  shown  that 
concrete  permeability  can  be  formulated  using  D'Arcy's  law  for  viscous  flow. 
D'Arcy's  permeability  coefficient  can  be  expressed  as  follows  for  the  spheres; 


Kc 


qt 

Ah 


(4) 


where  Kg  =  permeability  coefficient  of  concrete  (ft/sec) 


q  =  rate  of  permeability  (quantity  of  seawater  that  permeated 
into  sphere  interior  per  unit  time)  (ft^/sec) 
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Wattr  Outflow  (ft^) 


t  =  wall  thickness  (ft) 

A  =  exterior  surface  area  of  sphere  (ft^ ) 
h  =  pressure  head  (ft) 

The  Bureau  experiments’®  showed  that  the  permeability  of  concrete 
decreased  with  time;  however,  the  permeability  coefficients  were  determined 
by  drawing  straight-line  tangents  to  curves  of  water  outflow  versus  time. 
Similarly,  straight-line  tangents  were  drawn  for  the  concrete  spheres  on 
Figures  37  through  40  in  such  a  manner  that  the  slope  of  the  line  best 
approximated  the  general  outflow-versus-time  curve. 


Tinne  (hr) 


Figure  37.  Water  outflow  versus  time  for  spheres  CWL-SB  and  CWL-7  under 
sustained  pressure  of  90%  Ppim. 
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Time  (hri 


Figure  38.  Water  outflow  versus  time  for  spheres  CWL-8  and  CWL*9B  under 
sustained  pressure  of  85%  Ppim> 


The  experimental  Kj,  values  for  the  spheres  are  listed  in  Table  6. 
Lower  values  were  found  when  the  time  at  which  was  determined 
was  greater  (except  for  sphere  CWL-5A). 

The  rate  of  outflow  for  sphere  CWL-5A  was  nearly  constant  with 
time;  this  behavior  was  different  from  that  of  the  other  specimens.  The  total 
amount  of  outflow  was  an  order  of  magnitude  greater  than  that  for  spheres 
CWL-6  and  CWL-9.  The  constant  rate  and  larger  outflow  indicated  that 
sphere  CWL-5  had  a  small  leak  somewhere  in  the  hull.  (From  experience, 
we  suspect  that  the  leak  was  most  probably  at  an  epoxy— concrete  interface.) 

An  average  value  of  0.13  x  10"’^  ft/sec  was  determined  for  the 
concrete  in  spheres  CWL-6  and  CWL-9A;  both  specimens  were  tested  for 
periods  longer  than  500  hours.  This  mean  value  was  compared  with  an 
estimated  Kg  value  from  previous  work.  One  estimate  was  obtained  by 
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extrapolating  curves’®  for  concretes  of  various  mixes  similar  to  the  concrete 
mix  used  in  this  study;  the  approximated  was  0.40  x  10’’^  ft/sec.  Another 
estimate  was  obtained  by  proportionately  reducing  the  permeability  of  large- 
aggregate  concrete  to  the  permeability  of  3/4-inch-aggregate  concrete;’^  this 
approximate  value  was  also  0.40  x  10’’^  ft/sec.  The  similarity  between 
the  two  estimates  is  surprising,  because  the  variation  in  for  identical  con¬ 
cretes  is  often  greater  than  an  order  of  magnitude.  Likewise,  these  estimated 
Kg  values  were  only  three  times  as  great  as  the  mean  value  for  this  study. 
Hence,  the  concrete  in  this  study,  which  was  subjected  to  pressure  as  high  as 
1 ,670  psi,  showed  permeability  coefficients  similar  to  those  of  concrete  sub¬ 
jected  to  pressure  as  high  as  400  psi. 


Figure  39.  Water  outflow  versus  time  for  spheres  CWL-6  and  CWL-9A  under 
sustained  pressures  of  80  and  50%  Ppim.  respectively. 
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Tim*  (hr) 


Figure  40.  Water  outflow  versus  time  for  sphere  CWL-SA  under  sustained 
pressure  of  20%  Ppim. 


Table  6.  Permeability  Coefficients 


Sphere  No. 

Ratio  of  Sustained 
Pressure  to  Predicted 
Implosion  Pressure, 
Ps/Ppim 

Sustained 
Pressure, 
P(  (psi) 

Duration 
of  Test  (hr) 

Time  When  Kj 
Calculated  (hr) 

D’Arcy's 

Permeability 

Coefficient 

kc  (ft/sec  xIO-’ 2) 

CWL-5A 

20 

505 

^J000 

MSSM 

530 

CWL-5B 

90 

22TB 

3 

13.50 

CWL-6 

80 

1,670 

1  AX) 

0.10 

CWL-7 

90 

1.942 

1 

OJS 

10.00 

CWL-8 

85 

1J845 

n 

7.0 

1.38 

CWL.eA 

50 

1.120 

500 

400.0 

0.16 

CWL-8B 

85 

1S04 

90 

50.0 

3.50 

Note:  Average  Kc  value  of  concrete  spheres  was  taken  as  0.13  X  10~1 2  ft/sec.  This  was  the  result 
of  averaging  spheres  CWL-4  and  CWL-6A,  used  because  thaw  spheres  were  under  sustained 
loading  for  500  hours  or  more.  Permeability  coefficient  for  sphere  CWL-5A,  also  under 
sustained  loading  for  more  than  500  hours,  w«s  not  included  in  the  average  because  rate 
of  water  outflow,  q,  was  typical  of  a  sphere  with  a  leak. 
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The  water  outflow  for  spheres  CWL-6  and  CWL-9A  was  plotted 
versus  log  time  in  Figure  41.  There  appeared  to  be  a  linear  relation  between 
water  outflow  and  log  time  after  200  hours  for  both  spheres.  The  equations 
of  the  straight  lines  are 

for  sphere  CWL-6, 


A  =  0.114  log (T  -  99)  +  0.184  (5) 

and  for  sphere  CWL-9A, 

A  =  0.122  log  (T  -  99)  +  0.095  (6) 

where  A  =  water  outflow  equal  to  rate  of  outflow,  q,  times  time,  T  (ft^) 


too  200  400  eoo  800  1,000 

Tiiw  thf) 


Figure  41 .  Water  outflow  venus  log  time  for  spfieres  CWL-6  and  CWL-9A  under 
sustained  pressures  of  80  wid  50%  Ppjm.  respectively. 
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Similar  equations  for  water  outflow  were  developed  for  the 
straight-line  tangents  shown  on  Figure  39  for  spheres  CWL-6  and  CWL-9A; 
these  relations  are 

for  sphere  CWL-6, 


A  =  0.000364  T  +  0.244  (7) 

and  for  sphere  CWL-9A, 

A  =  0.000399  T  +  0.155  (8) 

These  rectilinear  functions.  Equations  7  and  8,  are  based  on  D'Arcy's  law  of 
viscous  flow. 

To  compare  the  logarithmic  and  rectilinear  relations,  the  total 
outflow  was  computed  for  periods  of  1  and  10  years;  these  quantities  are 
listed  in  Table  7.  The  predicted  differences  in  outflow  are  significant, 
particularly  for  the  10-year  period. 


Table  7.  Predicted  Seawater  Permeation  of  Spheres  CWL-6  and  CWL-9A 
After  1  and  10  Years 


Total  Water  Permeation  (ft^) 

Sphere 

Sustained 

Pressure, 

After  1  Year 

After  10  Years 

Pj  (psi) 

Logarithmic 

Relation 

D'Arcy 

Relation 

Logarithmic 

Relation 

D'Arcy 

Relation 

CWL-6 

1,670 

0.63“ 

3.42<' 

0.75“ 

32.08'^ 

CWL-9A 

1.120 

0.58* ** 

3.64'' 

0.70* 

35.09'' 

Note:  Total  interior  volume  of  sphere  is  58.02  ft^. 
"  Equation  5. 


*  Equation  6. 
^  Equation  7. 

**  Equation  8. 
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Additional  data  are  being  collected  on  water  permeation  of  concrete 
spheres  from  ocean  tests  that  will  continue  for  up  to  10  years.  The  logarithmic 
relation  may  prove  the  more  accurate  because  it  accounts  for  the  decrease  of 
permeation  with  time.  Yet.  past  experience  has  indicated  that  the  D'Arcy 
function  has  reliably  estimated  the  permeability  of  concrete  to  freshwater. 

Data  from  a  mortar  sphere  submerged  at  120  feet  for  one  year  are  given  in 
Appendix  G  and  support  the  D'Arcy  approach.  It  is  hoped  that  the  long-term 
ocean  tests  on  the  spheres  will  help  decide  which  approach  is  more  accurate 
in  predicting  long-term  permeability  of  concrete  to  seawater. 

A  decrease  in  permeability  with  time  may  result  from  two  factors. 

1 .  In  the  presence  of  water,  the  cement  undergoes  further  hydration, 
which  results  in  smaller  pore  sizes  between  cement  gels.  This  decrease  in 
porosity  causes  a  corresponding  decrease  in  flow.'® 

2.  As  the  seawater,  which  is  high  in  mineral  content — including 
Ca(HC03)2 — begins  permeating  the  concrete,  the  water  may  form  a  thin, 
impervious  shell  of  CaC03  on  the  interior  surface  where  the  pore  pressure  is 
low.  Also,  materials  such  as  MgiOHIj  and  CaC03  are  precipitated  within  the 
pores  of  the  concrete.'®  Both  the  formation  of  the  CaC03  shell  and  the  pre¬ 
cipitation  of  minerals  in  the  pores  decrease  the  permeability. 

If  the  porosity  of  the  concrete  continues  to  decrease  because  of 
cement  hydration  and  deposition  of  minerals,  the  logarithmic  relations 
(Equations  5  and  6)  may  be  valid  in  predicting  long-term  flow.  But  as 
water  flows  through  the  concrete,  it  dissolves  materials  from  the  cement, 
particularly  CaO;'®  the  reduction  in  CaO  would  tend  to  increase  porosity 
and,  thus,  offset  the  decreases.  Therefore,  at  present  the  authors  propose 
that  the  D'Arcy  flow  relation.  Equation  4.  be  used  to  predict  the  permeability 
of  concrete  spheres;  such  a  relation  is  conservative  for  design  purposes. 


FINDINGS 


1 .  Under  short-term  loading,  six  concrete  spheres,  66  inches  in  OD  and 
4.125  inches  in  wall  thickness,  showed  an  average  ratio  of  implosion  pressure 
to  concrete  control  cylinder  strength  (Pjm/fc)  of  0.303.  This  ratio  >was  3% 
greater  than  that  for  16-inch-OD  mortar  spheres  tested  in  previous  investiga¬ 
tions  and  was  30%  greater  than  that  for  the  66-inch-OD  mortar  spheres.  The 
average  implosion  pressure  for  the  wet-concrete  spheres  was  2,350  psi  (fc  = 
7,810  psi)  and  for  the  dry-concrete  spheres  was  2,810  psi  (f'  =  9,185  psi). 
The  difference  in  implosion  pressure  was  the  result  of  differences  in  concrete 


control  cylinders  was  10%  less  than  the  compressive  strength  of  companion 
dry-concrete  cylinders. 

2.  The  implosion  equation.  Equation  1.  developed  from  previous  tests  on 
16-inch-OD  spheres  conservatively  predicted  within  9%  the  implosion  pressures 
of  66-inch-OD  concrete  spheres. 

3.  Concrete  spheres  under  high  levels  of  sustained  hydrostatic  loading  failed 
by  static  fatigue,  and  the  curve  of  time  to  implosion  versus  level  of  sustained 
load  for  the  spheres  was  approximately  2%  lower  than  the  known  behavior 
of  concrete  tested  under  uniaxial  loading. 

4.  At  equivalent  Pjm/fg  ratios,  the  creep  strain  of  dry-concrete  spheres  under 
long-term  loading  was  greater  in  rate  and  in  magnitude  than  that  of  wet- 
concrete  spheres. 

5.  D'Arcy's  permeability  coefficient  (K^)  was  found  to  be  an  average  0.13 
X  10“’^  ft/sec  for  concrete  spheres  under  hydrostatic  head  as  high  as  3,760 
ft;  this  Kg  value  was  similar  to  known  values  for  concrete  under  a  pressure 
head  lower  than  900  feet. 

6.  Spheres  subjected  to  sustained  loads  that  did  not  cause  static  fatigue 
failure  showed  an  increase  in  implosion  pressure  over  that  predicted  from 
the  short-term  tests. 


CONCLUSIONS 


1.  The  response  of  66-inch-OD  concrete  spheres  to  short-term  hydrostatic 
loading  has  shown  that  the  previous  test  data  on  16-inch-OD  mortar  models 
are  accurate  to  within  9%  in  predicting  the  behavior  of  larger  scale  specimens 
and  may  be  used  to  aid  in  establishing  design  criteria. 

2.  In  both  the  short-  and  long-term  tests  it  was  found  that  allowing  the 
concrete  to  become  saturated  with  seawater  lowered  the  strength  of  the  con¬ 
crete  but  otherwise  did  not  adversely  affect  the  behavior  of  the  structure 
compared  with  that  of  dry-concrete  spheres. 

3.  The  test  results  on  permeability  and  creep  deformation  of  spheres  under 
sustained  loading  have  shown  that  the  behavior  of  the  concrete  was  similar 
to  the  known  behavior  of  uniaxially  loaded  concrete  specimens. 

4.  The  authors  do  not  hesitate  to  recommend  that  concrete  structures  be 
used  to  depths  of  1,000  feet.  It  is  anticipated  that  with  additional  knowledge 
from  on-going  tests  buoyant  concrete  spheres  can  be  used  to  3,000  feet. 
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5.  This  study,  together  with  the  earlier  studies  on  concrete  spheres,  has 
clearly  shown  that  concrete  is  an  applicable  material  for  the  construction 
of  undersea  structures.  With  this  developed  knowledge  of  the  behavior  of 
concrete  spheres  and  by  applying  present-day  concrete  technology,  spherical 
concrete  hulls  can  be  safely  designed  and  employed  for  undersea  applications. 


DESIGN  GUIDES 


DESIGN  RECOMMENDATIONS 


1.  It  is  recommended  that  Equation  1  be  used  to  predict  the  short-term 
implosion  pressure  of  concrete  spheres: 


(1) 


where  P;- 

ifn 


Do 

fc 


implosion  pressure  (psi) 
wall  thickness  (in.) 
outside  diameter  (in.) 

ultimate  uniaxial  conaete  compressive  strength  (psi) 


The  concrete  strength,  f',  should  be  determined  from  wet-concrete  control 
cylinders  if  the  structure  will  not  be  completely  waterproofed. 

2.  For  concrete  spheres  under  sustained  pressure  loads.  Equation  3  may  be 
used  to  estimate  the  time  to  implosion  for  the  sphere: 


P,/Ppim  =  0-908  -  0.0360  log, oT  P,/P^  <  0.70  (3) 


or 


log,oT 


25.2 


where 


P,  =  sustained  hydrostatic  pressure  (psi) 

Ppitn  “  predicted  implosion  pressure  (same  as  P|„  in  Equation  1) 
(psi) 

T  =  time  to  implosion  (hr) 
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3.  The  permeation  of  seawater  through  the  concrete  wall  of  the  spheres  under 
hydrostatic  loading  may  be  conservatively  predicted  by  use  of  D'Arcy's  law 
for  viscous  flow; 


(4) 


where  q 


Kc 

A 

h 

t 


rate  of  permeability  (quantity  of  seawater  that  permeated  into 
sphere  interior  per  unit  time)  (ft^/sec) 

coefficient  of  permeability  (ft/sec) 

exterior  surface  area  of  sphere  (ft^ ) 

pressure  head  (ft) 

wall  thickness  (ft) 


The  Kg  for  the  particular  concrete  to  be  used  may  b^  determined  from  past 
references  on  concrete  permeability,  such  as  Reference  16.  The  value  of  Kg 
found  for  the  concrete  used  in  this  study  was  0.1 3  x  10*’^  ft/sec. 


EXAMPLE  DESIGN  PROBLEM 

Given  data  are  a  spherical  hull  with  a  50-foot  ID,  a  net  buoyancy  of 
250  tons,  and  an  operational  depth  of  1 ,000  feet.  A  safety  factor  of  three 
is  assumed  on  the  hull.  Determine  the  wall  thickness,  estimated  life  of  the 
structure,  and  rate  of  water  permeation  into  the  structure. 

Wall  Thickness 

Design  the  wall  thickness  based  on  buoyancy  requirement  and  then 
check  the  implosion  depth  for  the  hull. 

(a)  Displacement  of  hull  =  (64  Ib/ft^)  (ir/6)  (D^)  =  33.51  Dg 

(b)  Weight  of  hull  =  (150  Ib/ft^)  (7r/6)  [D^  -  (50  ft)^] 

=  78.54  -  9,817,500 

(c)  Displacement  -  weight  =  buoyancy  =  (250  tons)  (2,000  Ib/ton) 

=  500,0001b 
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Substitute  (a)  and  (b)  into  (c), 

(d)  33.51  -  78.54  d3  -  9,817,500  =  500,000 

Do  =  59.15  ft 

(e)  Wall  thickness,  t  =  (Do-Di)/2  =  (59.15  -  50.00)/2  =  4.57  ft 
Determine  implosion  pressure  from  Equation  1 ,  using  =  8,000  psi 

(f)  Implosion  pressure,  Pj„  =  [5.02(4.57/59.15)  -  0.038]  8,000 

=  2,800  psi 

(g)  Implosion  depth  =  (2,800  psi)  (2.25  ft/psi)  =  6,300  ft 

(h)  Safety  factor  =  implosion  depth/operational  depth 

=  6,300/1,000  =  6.3 

/^sumed  safety  factor  of  3.0  is  less  than  6.3. 

Use  t  =  4.57  ft 
Life  of  Structure 

Substitute  into  Equation  3  using  of  445  psi  and  Ppj^  of  2,800  psi. 

(i)  log^jjT  =  25.2  -  27.8(445/2,800)  =  20.8 

(j)  T  =  6.3  X  10^°  hr  or  7.2  x  10’®  yr 
Time  to  implosion  is  not  a  critical  factor. 

Water  Permeation 

Substitute  into  Equation  4  using  =  0.13  x  10*’^  ft/sec. 

(k)  Rate  of  permeability,  q  =  [(0.13  x  10'’^  ft/sec)  (w)  (59.15  ft)^ 

(1,000  ft)  1/4.57  ft 

=  3.13  X  10"^  ft^/sec  or  0.85ft^/yr 
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Appendix  A 


CONCRETE  AND  MORTAR  MIX  DESIGNS 


The  concrete  and  mortar  mix  designs  are  given  in  Tables  A-1  and  A-2. 

The  concrete  was  transit-mixed  with  final  determination  of  water 
content  based  on  workability.  The  slump  was  1-1/2  ±  3/4  inches.  The 
cement  factor  was  733  Ib/yd^  (7.8  bags/yd^),  and  the  unit  weight  of  the 
concrete  was  145  Ib/ft^. 

The  mortar  was  mixed  in  the  laboratory,  and  the  same  absolute 
quantities  of  constituents  were  used  for  each  batch.  Slump  values  ranged 
from  1  to  3-1/2  inches.  The  cement  factor  was  825  Ib/yd^  (8.8  bags/yd^), 
and  the  unit  weight  of  the  mortar  was  140  Ib/ft^. 


Table  A-1.  Concrete  Mix  Design 


Portland  cement,  type  II,  low-alkali 

Santa  Clara  River  aggregate 

Water/cement  ratio  =  0.41 

Sand/cement  ratio  =  1.85 

Coarse-aggregate/cement  ratio  =  2.28 

Water-reducing  admixture — 2  oz/sack  of  Plastiment 


Material 

Aggregate  Gradation 

Sieve  Size 
Designation 

Percentage  Retained 

Individual 

Cumulative 

Sand 

3/8- inch 

0 

0 

no,  4 

2 

2 

no.  8 

11 

13 

no.  16 

17 

30 

no.  30 

28 

58 

no.  50 

28 

86 

no.  100 

11 

97 

pan 

3 

100 

Coarse  aggregate 

3/4-inch 

0 

0 

3/8-inch 

70 

70 

no.  4 

30 

100 
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Table  A-2.  Mortar  Mix  Design 


Portland  cement,  type  III,  high  early  strength 
San  Gabriel  River  Wash  aggregate 
Water/cement  ratio  =  0.55 
Sand/cement  ratio  =  3.30 


Material 

Aggregate  Gradation 

Sieve  Size 
Designation 

Percentage  Retained 

Individual 

Cumulative 

Sand 

no.  4 

0 

0 

no.  b 

29.6 

29.6 

no.  16 

20.8 

50.4 

no.  30 

14.7 

65.1 

no.  50 

10.3 

75.4 

no.  100 

7.3 

82.7 

pan 

17.3 

100.0 
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Appendix  B 


MECHANICAL  PROPERTIES  OF  CONCRETE  AND 
MORTAR  CONTROL  CYLINDERS 


Table  B-1.  Control  Cylinder  Data 


Hemisphere 

No. 

Compressive  Strength, 
f'  (psi) 

Secant  Modulus  at 
Orre-Half  f  j 
of  Dry  Concrete,  E, 
(psi  X  10®) 

Poisson's 

Ratio 

Age  at 
Test 
(days) 

Dry 

Concrete 

Wet 

Concrete 

CDS-la 

9250 

_ 

4.63 

024 

169 

cos-lb 

9,430 

- 

421 

024 

162 

COS-2a 

9,120 

_ 

4.31 

024 

121 

CDS-2b 

9,190 

- 

4.69 

024 

119 

CDS-3a 

9P10 

7260 

210 

CDS-3b 

9,000 

8.450 

- 

- 

203 

COS-4a 

8270 

7,660 

4.00 

— 

195 

CDS-4b 

9.570 

7340 

4.30 

- 

171 

CWL-5a 

8,130 

7200 

333 

0.16 

259 

CWU-Sb 

8,840 

8300 

427 

022 

250 

CWL-6a 

8,110 

6,740 

324 

020 

331 

CWL-8b 

9230 

7230 

426 

0.18 

317 

CWL-7a 

7,640 

7,170 

320“ 

0.14 

351 

CWL-7b 

8.790 

8260 

326“ 

0.17 

344 

CWU-8a 

9200 

7320 

331 

020 

366 

CWC-Sb 

8,470 

7210 

3.72 

0.15 

361 

CWL-9a 

8220 

7,770 

4.11 

025 

429 

CWL-Qb 

8230 

7.440 

331 

021 

427 

CDL-lOe 

9S50 

— 

325 

0.18 

107 

CDL-lOb 

9,420 

- 

4.09 

022 

105 

CDL-lla 

7S40 

— 

335 

0.18 

526 

CDU-llb 

8.320 

- 

336 

020 

512 

MDS-la 

8330 

- 

330 

0.19 

127 

MOS-lb 

10,480 

- 

3.43 

020 

105 

MOS-2a 

8,770 

— 

325 

0.13 

122 

MOS-2b 

8,010 

3.63 

0.19 

129 

MDS-3B 

9,150 

— 

3.70 

022 

146 

MDS-3b 

9.750 

— 

3.10 

0.14 

140 

1  -  - 

“  When  »n  extonsometer  was  used,  CWL-7e  had  a  dry-concrete  E,  of  a55  psi  and  a 
wet-concrete  E,  of  3.37  psi;  CWL-7b  had  a  drY<oncrete  E,  of  3.58  psi  and  wet- 
cofKrete  E,  of  3.68  psi. 
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Appendix  C 


EFFECT  OF  CONTROL  CYLINDER  SIZE  ON 
COMPRESSIVE  STRENGTH 


Tests  were  performed  on  3  x  6-  and  6  x  12-inch  control  cylinders 
to  determine  the  effect  of  specimen  size  on  the  compressive  strength.  Six 
specimens  of  mortar  and  six  of  concrete  were  cast  in  3  x  6-  and  6  x  1 2-inch 
cylinders.  The  specimens  were  moist-cured  for  the  first  28  days.  The  mor¬ 
tar  specimens  were  wrapped  in  wet  burlap  and  then  in  polyethylene  film. 
The  concrete  specimens  were  placed  in  a  100%  relative  humidity  water-mist 
enclosure  located  outdoors.  The  remainder  of  the  curing  period  was  at  room 
conditions.  At  age  90  days  the  specimens  were  tested  under  uniaxial  com¬ 
pression. 

Table  C-1  summarizes  the  results.  The  larger  specimens  showed  a 
slight  decrease  in  strength  as  compared  with  the  smaller  specimens  for  both 
the  concrete  and  mortar;  however,  the  decrease  in  strength  was  not  statisti¬ 
cally  significant.  It  was  concluded  that  for  the  high-strength  concrete  and 
mortar  used  in  this  study,  the  compressive  strength,  f',  was  unaffected  by 
the  size  of  the  control  cylinder  specimens  (either  3x6  or  6  x  12  inches). 

The  stress— strain  behavior  for  the  specimens  is  shown  in  Figures  C-1 
and  C-2.  The  behavior  for  large  and  small  cylinders  was  essentially  the  same; 
again,  any  differences  were  not  statistically  significant. 


Table  C-1 .  Effect  of  Specimen  Size  on  Control  Cylinder  Strength 


Material 

Size  of 
Control 
Cvlirxler 
lin.) 

Uniaxial 

Compressive 

Strength* 

(psi) 

Standard 

Deviation 

(psi) 

Difference 
in  Strength^ 
(%) 

Statistically 

Significant* 

Secant  Modulus  at 
One-Half  f^. 

(psi  X  106) 

mm 

9,470 

280 

3.72 

Mortar 

9,290 

240 

1.90 

no 

3:98 

8340 

380 

4.02 

Concrete 

6x  12 

8.790 

340 

0.57 

no 

4.18 

^  Average  of  six  specimens. 


*  Percent  difference  ” 


(fc>3x6  -  *fc)6x12 _ 

- ITTT - X  100. 

<fc>3x6 


^  "t"  test  at  95%  level  with  10  degrees  of  freedom. 
^  Average  of  three  specimens. 
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Strain  {iimj’m,) 


Figure  C•^ .  Stress— strain  behavior  of  3  x  6*  and  6  x  12*inch  concrete  control  cylinders. 
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Figure  02.  Stress— strain  behavior  of  3  x  6-  and  6x1 2-inch  mortar  control  cylinders. 
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Appendix  D 


POST-IMPLOSION  VIEWS  OF  CONCRETE  AND  MORTAR  SPHERES 


Figures  D-1  through  D-13show  all  the  concrete  and  mortar  spheres, 
except  CWL-8,  after  implosion.  The  reader  is  reminded  that  the  spheres  were 
filled  with  water  during  the  test.  This  procedure  saved  the  specimens  from 
being  completely  fragmented  by  the  violent  shock  forces  associated  with 
implosion,  and  thus  enabled  an  inspection  of  the  failure  zone. 
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Figure  D-1 .  Post-implosion  view  of  sphere  CDS-1 . 
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Figure  D-3.  Post>iinplosion  view  of  sphere  CWS-3 


Figure  D-4.  Post-implosion  view  of  sphere  CWS-4.  The  epoxy-joint  failure  occurred 
after  the  compression-shear  failure. 


Figure  D-5.  Post-implosion  view  of  sphere  MDS-1. 


Figure  D-9.  Post-imp(osion  view  of  sphere  CWL-6. 


Figure  D-10.  Post-implosion  view  of  sphere  CWL-7. 


Figure  D-12.  Post-implosion  view  of  sphere  CDL-10. 
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Figure  D-1 3.  Post-implosion  view  of  sphere  CDL-1 1 . 
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Appendix  E 


DEVELOPMENT  OF  IMPLOSION  EQUATION  FOR 
16-INCH-OD  MORTAR  SPHERES 


Seventeen  16-inch-OD  mortar  spheres  were  tested  under  short-term 
hydrostatic  loading  at  a  pressurization  rate  of  100  psi/min.  These  specimens 
had  ratios  of  wall  thickness  to  outside  diameter  (t/Do)  of  0.0625,  0.1250, 
0.1875,  or  0.2500,  which  corresponded  to  wall  thicknesses  of  1, 2,  3,  and 
4  inches. 

Table  E-1  gives  the  implosion  results  for  the  specimens,  and  Figure 
E-1  shows  that  the  relationship  between  Pj^/fc  a  straight-line 

function.  A  least-squares  analysis  gave  the  following  empirical  equation  as 
the  best-fit  curve: 


(E-1) 


Equation  E-1  differs  slightly  from  a  similar  equation  presented  in  previous 
reports;  Equation  E-1  is  more  accurate  because  of  further  data  evaluation.* 
From  additional  research,  it  was  found  to  be  more  accurate  to  use  the 
value  of  the  weaker  hemisphere  in  the  Pj^/fc  ratio:  hence,  this  is  the  major 
improvement  incorporated  into  Equation  E-1. 


Table  E-1.  Implosion  Results  for  1 6-1  nch-OD  Mortar  Spheres 


Ratio  o1  Wall 

Sphere  No. 

Thickness  to 
Outside  Diameter, 

Implosion  Pressure, 

Compressive  Strength , 
fc  (PSi)" 

^im/fc 

t/Do 

18 

0.0625 

3,375 

11,480 

0.294 

19 

3.450 

11220 

0.307 

20 

3,420 

1 1 ,510 

0.297 

21 

3,240 

11,190 

0.290 

35 

1.710 

6,090 

0.281 

Average  0.294 

continued 

*  Data  incorporated  in  the  development  of  the  earlier  implosion  equation,  Pj^  =  4.8(t/Dj,), 
included  specimens  with  large  steel  penetrations,  specimens  tested  under  a  pressurization 
rate  of  1 ,000  psi/min,  and  values  of  that  were  the  average  compressive  strength  of  the 
two  hemispheres  composing  the  sphere. 


65 


Table  E-1 .  Continued 


Sphere  No. 

Ratio  of  Wall 
Thickness  to 
Outside  Diameter. 
t/Do 

Implosion  Pressure, 
Pirn  (Psil 

— 

■ 

Compressive  Strength, 
fi  Ipsi)" 

Pim^U 

23 

0.1250 

5,720 

11950 

24 

6,330 

11940 

25 

6,590 

10,760 

36 

3,375 

5,750 

a587 

Average  0.572 

27 

a  1875 

9,250 

10970 

0992 

28 

9,170 

10970 

0.884 

29 

9,500 

11920 

0.825 

37 

5,280 

5990 

0.882 

Average  0.871 

31 

0.2500 

13900 

10910 

1970 

32 

13970 

10900 

1945 

33 

13950 

10,790 

1955 

38 

7.370 

_ 

6980 

1912 

Average  1 946 

“  Compressive  strength  of  weakest  hemisphere  based  on  uniaxial  tests  on  3  x  6-inch  control 
cylinders. 


Appendix  F 


LONG-TERM  STRAIN  RESPONSE  OF  CONCRETE  SPHERES 
SUBJECTED  TO  SUSTAINED  LOAD 

Figures  F-1  through  F-9  present  the  long-term  strain  response  of 
spheres  CWL-5  through  CDL-1 1  under  sustained  loading.  Except  for  Fig¬ 
ure  F-1 ,  the  data  from  individual  strain  gages  have  been  given;  in  most  cases, 
the  average  strain  behavior  is  also  shown. 


Time  (hrt 

Figure  F-1.  Sphere  CWL-5A  under  sustained  pressure  of  20%  Ppi^ 
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Interior  Strain  (,rin./m.> 


2,- 
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Time  <hr) 


Figure  F-3.  Sphere  CWL-6  under  sustained  pressure  of  80%  Ppjm 
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.2  0.3  0.4  0.5  0.6  0.7  0.8 

Time  (hr) 


Sphere  CWL-?  under  sustained  pressure  of  90%  Ppim 


0.9 


Interior  Strain  (fiin./in.) 


T 


Figure  F-5.  Sphere  CWL-S  under  sustained  pressure  of  85%  Ppi^ 


71 


i 


Interior  Strain  (|iin./in.) 


Interior  Strain  (/iin,/in.) 


T 


Figure  F-7.  Sphere  CWL-9B  under  sustained  pressure  of  85%  Ppjn, 
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Interior  Strain  (/uin./ln.) 


f 


Figure  F-9.  Sphere  CDL-1 1  under  sustained  pressure  of  85%  Ppjn, 
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Appendix  G 


MISCELLANEOUS  TESTS  ON  66-INCH-OD  MORTAR  SPHERES 


Exploratory  tests  were  performed  on  three  mortar  spheres,  66  inches 
in  OD  and  4.125  inches  in  wall  thickness.  These  spheres  were  constructed  in 
the  same  manner  as  the  mortar  spheres  described  in  the  main  body  of  the 
report.  The  first  spheres,  MDS-X1 ,  was  a  trial  specimen;  the  second,  MDL-X2, 
was  used  in  ocean  tests  to  study  the  hydrodynamic  characteristics  of  a  sphere 
and  to  determine  the  durability  and  permeability  of  a  mortar  sphere  located 
on  the  seafloor;  and  the  third,  MDL-X3,  was  constructed  with  a  mechanical 
lock  joint  at  its  equator  to  investigate  the  influence  of  a  stiff  joint  on  the 
sphere  under  sustained  loading. 

TRIAL  SPHERE  TEST 

The  trial  sphere,  MDS-X1 ,  was  the  first  66-inch-OD  sphere  fabricated 
and  tested  under  hydrostatic  load.  The  major  reason  that  the  results  are  pre¬ 
sented  herein  is  that  the  specimen  was  fabricated  from  two  hemispheres  that 
did  not  meet  high  quality-control  standards;  yet  the  implosion  pressure  was 
equivalent  to  that  of  the  good  specimens. 

The  bottom  hemisphere  of  the  sphere  was  the  first  of  all  hemispheres 
cast.  Procedural  difficulties  were  encountered  during  the  casting  operation, 
and  it  required  over  an  hour  to  complete  the  operation.  Also,  during  removal 
of  the  forms,  an  unusually  large  chip  of  concrete  broke  away  from  the  edge 
of  the  hemisphere  (as  shown  in  Figure  G-1). 

The  top  hemisphere  did  not  meet  high  standards  because  during  a 
handling  maneuver  in  which  the  hemisphere  was  being  turned  over  a  steel 
pad-eye  broke  and  the  hemisphere  fell  to  the  concrete  pavement.  The  dis¬ 
tance  of  the  fall  was  approximately  2  feet  and  the  point  of  impact  of  the 
hemisphere  was  approximately  20  degrees  down  from  the  equator.  No 
visible  damage  was  observed  other  than  a  large  chip  of  concrete  from  the 
equator  (as  shown  in  Figure  G-2). 

The  chipped  equators  were  repaired  for  both  herriispheres  and  later 
the  two  hemispheres  were  bonded  together  to  form  a  sphere.  This  sphere  was 
the  first  specimen  tested  in  the  72-inch-ID  pressure  vessel;  the  test  procedure 
was  similar  to  that  for  the  other  spheres  except  that  change-in-volume  mea¬ 
surements  were  not  taken. 
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Figure  G-1.  Bottom  hemisphere  of  trial  sphere  MDS-X1. 


Figure  G-2.  Top  hemisphere  of  trial  sphere  MDS-X1. 


The  implosion  pressure,  P,^.  for  the  trial  sphere  was  1 ,820  psi  and 
the  uniaxial  concrete  strength,  f',  was  8,910  psi.  These  results  yielded  a 
PiiTj/f '  ratio  of  0.204.  This  value  is  within  the  standard  deviation  of  the  test 
results  from  the  other  better  quality  mortar  spheres  whose  average  P,^/fc 
was  0.211  ±  0.012. 


Figure  G-3.  Post-implosion  view  of  trial  sphere  MDS-X1  showing  compression-shear 
failure  zone. 


Figure  G-3  shows  the  compression— shear  zone  of  the  failed  specimen. 
The  failure  zone  ran  parallel  to  the  equator  for  a  length  of  64  inches  and  the 
average  angle  for  the  sheared  concrete  surface  was  36  degrees  to  a  line  tangent 
to  the  exterior  surface. 

In  summary,  the  trial  sphere  appeared  to  behave  similar  to  the  better 
quality  mortar  spheres  although  the  trial  sphere  was  fabricated  from  damaged 
hemispheres. 
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OCEAN  DYNAMIC  AND  PERMEABILITY  TESTS 


Sphere  MDL-X2  had  been  used  in  various  ocean  tests.  The  main 
objective  of  the  first  ocean  test  was  to  study  the  dynamic  characteristics  of 
a  large  object  of  various  weights  sliding  up  and  down  a  taut  wire.  The  con¬ 
crete  sphere  was  used  as  the  test  object.  The  sphere  was  made  negatively 
buoyant  by  800  and  2,400  pounds  by  hanging  steel  plates  from  a  framework 
surrounding  the  sphere  (Figure  G-4). 


Figure  G-4.  Sphere  MDL-X2  undergoing  ocean  dynamic  test. 


The  hydrostatic  loading  conditions  which  the  sphere  experienced 
were  one  cycle  to  800  feet,  where  the  sphere  remained  at  depth  for  approxi¬ 
mately  30  minutes,  and  eight  additional  short-duration  cycles  to  800  feet. 
The  sphere  did  not  appear  to  be  harmed  by  the  tests. 

The  second  ocean  test  was  the  emplacement  of  this  sphere  on  the 
seafloor  off  Pitas  Point,  Calif.,  at  a  120-foot  depth  to  study  the  durability 
and  permeability  of  the  mortar  to  the  seawater  environment.  Navy  divers 
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inspected  the  sphere  an  average  of  once  every  2  months  to  report  the  degree 
of  fouling  on  the  concrete  and  whether  or  not  the  sphere  was  still  positively 
buoyant. 

The  sphere  was  able  to  float  within  the  framework  as  shown  in 
Figure  G-4,  and  a  diver  could  determine  whether  the  sphere  was  buoyant 
or  not  by  inserting  his  hand  between  the  sphere  and  the  cradle.  To  become 
negatively  buoyant  the  sphere  would  have  had  to  take  on  approximately  23 
cubic  feet  of  water;  the  equivalent  of  40%  of  the  interior  volume. 

After  12  months'  submergence  at  120  feet,  the  sphere  was  retrieved 
from  the  ocean  (Figure  G-5).  Little  fouling  and  few  barnacles  were  present 
on  the  concrete.  No  evidence  of  rock-boring  mollusks  was  observed. 


Figure  G-5.  Sphere  MDL-X2  being  retrieved  from  120-foot  depth  after  12  months 
continuous  submergerKe. 


The  quantity  of  water  that  permeated  the  concrete  to  the  interior 
was  a  total  of  0.60  ft^;  D'Arcy's  permeability  constant,  K^,  was  calculated 
as  0.58  X  10"’^  ft/sec.  This  value  was  within  the  same  order  of  magnitude 
as  the  Kg  value  for  the  concrete  spheres.  The  salt  content  of  the  water  on 
the  interior  was  typical  of  that  of  the  seawater  in  the  Pitas  Point  area. 
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SPHERE  WITH  A  MECHANICAL  EQUATORIAL  JOINT 


Sphere  MDL-X3  was  constructed  with  a  steel  mechanical  lock  joint 
at  the  equator  between  the  two  hemispheres.^®  Such  a  mechanical  joint 
permitted  the  sphere  to  be  opened  and  closed  repeatedly,  so  that  the  cap¬ 
sule  could  have  been  used  for  a  variety  of  oceanographic  applications.  The 
objective  of  the  hydrostatic  test  was  to  determine  if  the  stiff  steel  joint 
affected  the  strength  of  the  sphere  under  sustained  loading  conditions  in  a 
manner  similar  to  that  in  previous  research  with  16-inch-OD  mortar  spheres.^® 
The  joint  was  made  of  two  1 /2-inch-thick  steel  rings  epoxy-bonded 
to  each  hemisphere;  steel  dowel  pins  set  into  the  concrete  aided  in  the  attach¬ 
ment  (Figure  G-6).  The  hemispheres  were  joined  by  bolting  the  steel  rings 
together  (Figure  G-7);  an  0-ring  between  the  rings  sealed  the  joint. 

The  sphere  was  tested  under  a  sustained  pressure  of  83%  Ppj^  (Pj^ 
calculated  for  an  unjointed  sphere)  and  had  a  time  to  implosion  of  4  hours. 
The  concrete  compressive  strength  was  7,720  psi,  and  the  sustained  pressure 
was  1 ,630  psi. 

f  ■  ■  ■ 


Figure  G-6.  View  of  mechanical  joint  ring  with  anchor  pins  epoxy-bonded  into  drilled 
holes  in  the  hemisphere. 


Figure  G-7.  Sphere  MDL-X3  being  lowered  into  pressure  vessel  for  hydrostatic  test 
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A  comparison  of  results  from  tests  of  sphere  MDL-X3  with  those  of 
the  concrete  spheres,  presented  in  Figure  24,  showed  that  sphere  MDL-X3 
failed  in  less  time  than  did  the  concrete  spheres.  The  concrete  spheres  had 
a  range  of  time  to  implosion  from  4  to  500  hours  with  the  log-time  average 
at  approximately  100  hours. 

The  inclusion  of  a  stiff  steel  joint  at  the  equator  did  reduce  the 
long-term  strength  of  the  66-inch  mortar  spheres,  but  not  severely.  A 
quantitative  decrease  in  strength  cannot  be  defined  from  this  single  test. 
Previous  work  on  16-inch-OD  mortar  spheres^®  showed  that  stiff  equa¬ 
torial  joint  rings  reduced  the  short-term  implosion  pressure  as  much  as 
27%. 
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Under  long-term  loading,  the  concrete  spheres  failed  by  static  fatigue  where  the  relation 
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INTRODUCTION 

Numerous  experimental  studies  have  been 
performed  at  the  Civil  Engineering  Laboratory 
(CEL)"  on  the  behavior  of  concrete  structures  under 
hydrostatic  loading  ll-lll.*  These  studies  have 
shown  that  concrete  is  well  suited  as  a  construction 
material  for  pressure-resistant  structures  to  depths  of 
3,(>00  feet.  The  empirical  data  were  obtained  from 
test  specimens  subjected  to  relatively  short-term 
lo.Tding  conditions  where  the  longest  loading-period 
for  any  specimen  was  42  days.  This  series  of  ocean 
tests  was  conducted  to  supplement  the  earlier 
research  by  providing  data  on  concrete  structures 
subjected  to  in-situ  deep-ocean  conditions  for  periods 
of  up  to  10  years. 

The  objectives  of  the  test  program  were  to 
obtain  design  information  on  time-dependent  failure, 
permeability,  and  durability  of  the  concrete  spheres. 
Data  on  time-dependent  failure  will  permit  a  rational 
factor  of  safety  to  be  applied  to  pressure-resistant 
structures;  data  on  seawater  permeabilin'  of  concrete 
will  allow  predictions  of  the  quantity  of  water  to  be 
expected  to  penetrate  to  the  structure's  interior;  and 
data  on  the  durability  of  plain  and  steel  reinforced 
concrete  will  determine  such  factors  as  strength 
changes  with  time,  chemical  composition  changes  of 
the  concrete,  and  steel  corrosion  problems. 

TEST  DESCRIPTION 

Eighteen,  66-inch-OD  concrete  spheres  were 
placed  in  the  ocean  at  depths  ranging  from  1,840  to 
5,075  feet  (Table  1).  This  depth  range  corresponds  to 
a  sustained  pressure-to-short-term  implosion  pressure 


ratio,  of  0.36  to  0.83.  It  was  anticipated 

that  the  spheres  subjected  to  a  Pj/Pim  f^tio  of  0.70  or 
greater  would  implode  with  time  [8|  ;  therefore,  the 
six  spheres  at  greatest  depths  were  equipped  with 
clocks  that  would  count  days  in  periods  up  to  three 
years.  If  a  sphere  imploded,  the  clock  would  record 
the  day  of  failure. 

Permeability  data  will  be  gathered  using  the 
following  method:  the  spheres  are  buoyant  by 
approximately  1,0(K)  pounds  and  are  tethered  32  feet 
off  the  seafloor  by  a  2-1/4'inch-diameter  chain.  As 
seawater  permeates  the  concrete,  the  weight  of  the 
sphere  will  increase.  The  reduced  buoyancy  of  the 
sphere  means  less  chain  can  be  suspended  off  the  sea¬ 
floor,  so  the  sphere  moves  closer  to  the  seafloor.  A 
change  in  height  of  one  chain  link  (2-1 /4-inch  chain) 
corresponds  to  0.5  cu  ft  of  seawater  which  has 
permeated  to  the  hull  interior. 

The  permeability  rate  of  seawater  through 
waterproofed  and  nonwaterproofed  concrete  will  be 
determined.  Eight  spheres  were  coated  on  the 
exterior  with  a  two-part  phenolic  coating;  another 
eight  spheres  remained  uncoated.  All  sixteen  of  these 
permeability  specimens  were  of  unreinforced 
concrete.  The  remaining  two  spheres  were  reinforced 
with  conventional  steel  bars  of  0.5-inch  diameter.  The 
reinforcement  was  covered  with  1  or  2.5  inches  of 
concrete.  Also,  one-half  of  the  exterior  of  each  sphere 
was  coated  with  the  phenolic  compound  while  the 
other  half  remained  uncoated. 

The  durability  of  the  concrete  will  be  studied  b\' 
determining  the  changes  in  strength  and  chemical 
composition  with  time.  The  concrete  compressive 
strengths  will  be  obtained  from  core  specimens  drilled 
from  14  X  18  X  18-inch  blocks.  Blocks  are  located 
with  the  spheres  in  the  deep  ocean  and  on  land. 


"  Formerly  the  Naval  Civil  Engineering  Laboratory;  now  a  detachment  of  the  Naval  Construebon 
Battalion  Center,  Port  Hueneme,  California. 

*  Numbers  in  brackets  indicate  references. 

The  short-term  implosion  pressure,  Pj^j.  is  calculated  by  the  following  empirical  equation  1 81 : 
Pim  •  I5.02(t/D„)  -  0.0J8I  fj 
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Tabic  1.  Test  Description 


Sphere 

No. 

Depth 

(ft) 

P./P;-" 
s  im 

Concrete 

Water¬ 

proofed 

Comments 

1 

5,075 

0.83 

Yes 

clock  inside  sphere 

2 

4,875 

Yes 

clock  inside  sphere 

3 

4,330 

0.72 

Yes 

clock  inside  sphere 

4 

4,185 

0.81 

No 

clock  inside  sphere 

5 

4,100 

0.78 

No 

clock  inside  sphere 

6 

3,875 

0.70 

No 

clock  inside  sphere 

7 

3,725 

0.58 

Yes 

8 

3,665 

0.60 

Yes 

9 

3,295 

0.62 

No 

10 

3,190 

0.56 

No 

11 

3,140 

0.50 

Yes 

12 

2,790 

0.55 

No 

13 

2,635 

0.41 

Yes 

14 

2,440 

0.44 

Yes 

15 

2,300 

0.43 

No 

16 

2,120 

0.40 

No 

17 

1,980 

0.38 

b 

steel  reinforcement  in  walls 

18 

1.840 

0.36 

b 

steel  reinforcement  in  walls 

“  Sustained  pressure-to-short-term  implosion  pressure  ratio. 


One  hemisphere  is  waterproofed  while  the  other 
waterproofed. 


exposed  to  ambient  conditions.  Chemical 
composition  changes  of  the  concrete  will  be 
determined  by  companng  x-ray  diffraction  patterns 
with  those  of  the  concrete  at  age  20  months. 

FABRICATION 

Concrete  hemisphere  sections  were  cast  in  a  steel 
mold  and  the  following  day  were  removed  from  the 
mold.  Twelve  6  x  12-inch-long  control  cylinders  and 
one  14  X  18  x  18-inch  control  block  of  concrete  were 
also  cast  with  each  hemisphere. 


hemisphere  is  not 


Moist-curing  of  the  hemisphere,  six  control 
cylinders,  and  the  control  block  was  accomplished  by 
wrapping  the  specimens  in  wet  burlap  and  then  in 
polyethylene  film:  the  remaining  six  control  cylinders 
were  placed  in  the  fog  toom.  Moist-curing  continued 
for  28  days  at  ambient  temperature  inside  an  open 
building  followed  by  28  days  of  room-curing  condi¬ 
tions,  and  then  on-land  field-curing  conditions. 

After  several  weeks  of  field  curing,  the 
hemispheres  were  prepared  for  assembly  into  spheres. 
The  equatorial  edges  were  ground  flat  by  using  a  large 
steel  plate,  and  silica  carbide  grit  and  water  as  the 
cutting  agent.  A  titanium  hull  penetration  at  the  apex 
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Figure  1.  Fabrication  of  spheres. 


of  each  hemisphere  was  epoxy-bonded  into  place. 
The  exterior  surfaces  of  the  hemispheres  were  lightly 
sand  blasted  and  a  two-part  phenolic  compound 
(Phcriolir!c  No  was  applied.*^  Finally,  to  fabri¬ 

cate  a  sphere  two  hemispheres  were  bonded  together 
with  an  epoxy  adhesive  (Furane  Epocast  8288). 
Figure  1  shows  several  of  these  operations. 

All  of  the  spheres  had  the  same  dimensions  and 
variations  in  out-of-roundness.  Extensive  measure¬ 
ments  18]  were  taken  on  one  hemisphere,  and  Table 
2  summarizes  the  dimensions.  In  summary,  the  mean 
outside  diameter  was  65.886  inches  and  the  mean 
Wall  thickness  was  4.124  inches. 


Conventional  1 /2-inch-diameter  steel  reinforcing 
bars  were  embedded  in  the  concrete  of  two  spheres. 
Arrangement  of  the  steel  bars  is  shown  in  Figure  2. 
Alternate  longitudinal  bars  had  a  nominal  concrete 
cover  of  1  or  2.5  inches;  however,  in  certain  locations 
near  the  apex  the  minimum  cover  was  as  low  as  0.5 
inch. 

Clocks  were  placed  in  Spheres  1  through  6  to 
record  the  day  of  implosion,  if  the  sphere  should  fail. 
The  clock  records  days  on  a  counter  and  has  a 
projected  life  of  3  years.*’  Figure  3  shows  the  clock 
and  its  pressure  housing  which  was  a  4-inch-OD  pipe 
section.  The  pipe  was  attached  to  the  top  penetrator 
of  the  sphere.-^ 


“  Pinholes  existed  in  the  final  waterproof  coating  at  a  rate  of  approximately  1  per  2  sq  in. 

*"  For  zero  time  in  the  ocean,  the  clocks  read  41  days  forSpheres  1-3,  and  38  days  for  Spheres  4-6. 
^  Upon  retrieval,  safety  precautions  should  be  followed  in  handling  the  pressure  housing  because 
water  at  high  pressure  could  be  inside.  Prior  to  opening,  drill  a  1/8-inch-diameter  hole  through 
the  steel  wall  to  relieve  any  internal  pressure. 


Figure  3.  Clock  mechanism  and  its  4-in.-OD 
pressure  housing. 


Figure  2.  Arrangement  of  steel  bar  reinforcement 
for  Spheres  17  and  18. 


Table  2.  Hemisphere  Dimensions  and  Out-of-Roundness  Variations 


Mean 

Standard  Deviation 

Maximum  Local  Variation 

Item 

Dimension 

(in.) 

Measured 

Percent  of 

Measured 

Percent  of 

(in.) 

Wall  Thickness 

(in.) 

Wall  Thickness 

Interior 

radius 

28.820 

±0.093 

±2.26 

+0.145 

-0.213 

+  3.51 

-5.16 

Exterior 

radius 

32.943 

±0.083 

±2.01 

+0.150 

-0.247 

+  3.64 

-5.94 

Wall 

thickness 

4.124 

±0.060 

±1.45 

+  0.181 

-0.165 

+4.26 

-3.90 

Power  was  supplied  to  the  clock  from  dry-cell 
batteries  placed  in  a  watertight,  but  not  pressure- 
resistant  container  located  at  the  bottom  of  the 
sphere.  When  implosion  occurs,  the  batteries  arc 
destroyed  or  shorted,  and  the  lead  wires  running  to 
the  clock  are  broken. 


Final  assembly  of  the  spheres  is  snown  in 
Figures  4  and  5.  The  descriptive  information  on 
Figure  5  gives  important  details  on  the  assembly. 

Documentation  of  the  concrete  material  is  given 
in  Appendix  A.  The  mix  proportions,  compressive 
strengths,  cement  compositions,  and  x-ray  diffraction 
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patterns  of  the  concrete  are  presented.  In  general,  the 
concrete  was  made  from  a  high-quality  mix  design 
where  the  cement  factor  was  7.8  sacks  per  cu  yd  and 
water-cement  ratio  was  0.40;  the  compressive 
strength  at  28  days  was  an  average  7,660  psi. 

Disposition  of  the  control  cylinders  and  blocks 
is  as  follows:  of  the  six  control  cylinders  placed  in  the 
fog  room,  three  were  tested  at  28  days;  their  com¬ 
pressive  strengths  are  given  in  Appendix  A,  Table  A-2. 
The  remaining  three  control  cylinders  will  stay  in  the 
fog  room  and  will  be  tested  when  the  spheres  are 
retrieved  from  the  ocean.  Three  of  the  six  control 
cylinders  cured  with  the  hemisphere  were  tested  at 
age  28  days  and  the  remaining  three  were  tested 
approximately  one  month  prior  to  emplacing  the 
spheres  in  the  ocean  (Table  A-2);  these  later  tests  gave 
the  compressive  strength  used  in  calculating  the 
short-term  implosion  pressure,  P;^.  There  were  two 
control  blocks  per  sphere;  one  block  went  with  the 
sphere  into  the  ocean  and  the  other  block  stayed  on 
land,  located  within  50  yards  of  the  ocean.  Both 
blocks  will  be  cored  and  tested  when  the  sphere  is 
retrieved. 


EMPLACEMENT 

The  spheres  were  emplaced  in  the  ocean  4  miles 
south  of  Santa  Cruz  Island,  California  (Figure  6),  on 
23  September  1971.  The  method  of  emplacing  the 
spheres  was  as  follows:  a  barge  loaded  with  the 
spheres  (Figure  7)  was  towed  by  a  surface  vessel 
(USNS  Gear)  which  maintained  a  constant  course 
over  a  location  where  the  seafloor  increased  in  depth 
at  a  fairly  uniform  rate.  At  predetermined  depths,  the 
appropriate  sphere  was  pushed  overboard  to  free-fall 
to  the  seafloor.  The  method  worked  well  with  most 
of  the  spheres  landing  within  a  few  hundred  yards  of 
the  target  location.  Final  location  of  the  spheres  is 
given  in  Table  3.  Figure  8  shows  a  plan  view  and 
Figure  9  a  profile  view  of  the  sphere  locations. 

Water  samples  were  obtained  from  the  depth  of 
2,530  feet  and  gave  the  following  data:  temperature 
of  5.33°C,  salinity  of  34.41  ppt,  pH  of  7.2,  oxygen 
content  of  0.06  ml/1,  and  velocity  of  sound  of 
1,483.9  m/sec.  A  water  sample  from  4,740  feet  gave  a 
temperature  of  5.16°C  and  a  pH  of  7.0. 


Figure  4.  Final  assembly  of  sphere. 
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Mark 

Item 

Remark 

a 

concrete 

sphere 

5.5-ft  OD  by  4*in.  wall;  weight  in 
air  =  4,400  lb 

b* 

clock 

Inside  steel  pipe  capsule,  4-in.  OD 
by  10-in.  long,  weight  in  air  =  15  lb 

c 

batteries 

Dry  cell  batteries  inside  PVC  pipe 

d 

electric 

wire 

Lead  between  batteries  and  clock 

e 

sonar 

target 

Aluminum  pipe,  10-in.  OD  by 

12-in.  long,  by  1/8-in.  wall 

f 

buoyancy 

element 

Syntactic  foam,  4-in.  min  width  by 

7-in.  max  width  by  14-in.  long  by 

4-in.  deep 

g 

nylon 

rope 

l/2-in.  diameter 

h 

penetration 

Titanium  Ti-6A1-4V;  conical  plug, 

4-in.  major  diameter  and  3-in.  minor 
diameter 

i 

padeye 

Tiunium.  l/2-in.-diameier  rod,  3.5-in. 
radius 

j 

identification 

tag 

Plastic  tag  with  sphere  number  engraved 
(sphere  number  also  stamped  on  most 
metal  parts) 

k 

chain 

5/8-in.  steel  chain  wrapped  around 
sphere  and  through  padeyes 

1 

shackle 

m 

anchor 

chain 

2-1/4-in. -diameter  steel  chain,  die-lock 
type,  total  length  53  ft,  bottom  links 
welded  in  triangle  shape  so  hanging 
length  =  42  ft,  weight  in  air  =  2,630  lb 

n 

concrete 

block 

18  in.  sq  by  14  in.  high;  weight  in  air 
=  4001b 

•  Note:  Items  b,  c,  d,  e,  f,  and  g  were  used  with  only  Spheres  1-6. 


Figure  5.  Deuils  of  sphere  assembly. 
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Table  3.  Location  of  Spheres 


Surface  Location  at  Launch 

Seafloor  Location  Found  b 

y  Turtle 

Lorac 

Distance 

Azimuth 

Lorac 

Distance 

Azimuth 

Coordinates 

Between 

Between 

Coordinates 

Between 

Between 

Spheres 

(yd) 

Spheres 

(yd) 

Spheres 

(“T) 

G 

R 

(°T) 

G 

R 

479.6'' 

324.4 

680 

346 

481.5 

320.0 

2,400 

340 

489.9 

305.2 

600 

341 

490.0 

302.0 

400 

349 

491.4 

302.6 

200 

340 

491.0 

299.2 

492.6 

300.8 

2,650 

344 

501.9 

284.3 

400 

344 

503.2 

282.2 

900 

343 

500.0 

280.9 

800 

326 

506.6 

277.1 

1,580 

350 

504.7 

277.2 

1.920 

352 

511.2 

268.0 

280 

350 

509.0 

265.5 

380 

309 

511.7 

266.6 

1.250 

345 

511.7 

264.4 

1.180 

346 

516.0 

259.3 

1,720 

337 

516.0 

258-0 

1,650 

339 

524.4 

250.8 

540 

337 

523.5 

249.5 

970 

280 

527.0 

248.0 

650 

347 

532.5'’ 

249.7 

630 

332 

528.8 

244.4 

400 

355 

536.1'’ 

246.8 

700 

23 

5  30.2 

242.4 

300 

345 

534.6 

242.6 

550 

5 

531.7 

240.8 

300 

324 

535.0 

239.5 

200 

10 

533.0 

239.4 

200 

352 

535.0 

238.3 

200 

347 

5  34.0'" 

238.3 

_ 

535.3 

237.5 

Depth  Sphere 
(ft)  No. 


Figure  6.  Location  of  spheres  off  California  coast. 


Figure  7.  Spheres  rigged  on  barge  in  preparation  for  free-fall  launch. 
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Figure  8.  Plan  view  of  sphere  location. 


Figure  9.  Bottom  profile  at  sphere  location  directly  below  surface  launch. 


A  soil  sample  was  obtained  at  the  depth  of 
4,100  feet  near  Sphere  5.  Data  from  the  core  arc 
presented  in  Appendix  B,  Table  B-1. 

INSPECTIONS 

Three  inspection  visits  have  been  made  to  view 
as  many  spheres  as  possible.  Of  the  18  spheres,  15 
have  been  viewed  once,  and  of  those  15,  five  have 
been  viewed  twice. 

The  first  and  third  inspections  were  made  by  the 
Naval  Submarine  Development  Group  One  using  the 
submersible  Turtle.  The  second  inspection  was  made 
by  Scripps  Institution  of  Oceanography  using  the 
Remote  Underwater  Manipulator  (RUM). 

Turtle  is  a  manned  submersible  capable  of 
operating  to  depths  of  6,500  feet.  During  the 
inspections  with  the  submersible,  however,  those 
spheres  at  depths  greater  than  3,800  feet  were  not 
inspected  because  of  the  possibility  of  implosion  of  a 
test  sphere.  Investigators  with  the  Turtle  were 


successful  in  inspecting  Spheres  7-18.  The  spheres  at 
greater  depths  (1-6)  were  to  be  inspected  with  the 
unmanned  RUM  vehicle.  Within  the  time  available  for 
the  inspection  cruise  with  RUM,  Spheres  3-5  were 
inspected  successfully;  the  remaining  spheres  (1,  2, 
and  6)  have  not  been  inspected. 

Data  collected  during  the  inspections  are  given 
in  Table  4.  The  chain  link  count  is  the  number  of 
links  of  chain  suspended  off  the  seafloor  by  the 
buoyant  spheres.  If  a  sphere  was  found  imploded  or  if 
anything  unusual  w^as  observed,  this  information  was 
recorded.  Figures  10  and  1 1  show  an  uncoated  sphere 
and  a  coated  sphere  tethered  off  the  seafloor. 

RESULTS 

Implosion 

Two  spheres,  3  and  7,  have  imploded.  Fragments 
of  Sphere  3  were  observed  during  the  RUM  inspec¬ 
tion  to  be  scattered  over  an  area  of  what  appeared  to 
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Figure  10.  View  of  uncoated  sphere  (No.  12)  at 
a  depth  of  2,790  feet  after  431  days. 


Ilf  a  25-vard  radius.  To  retrieve  the  clock,  the 
manipulator  on  RUM  picked  up  the  5/8-inch  chain  to 
which  the  clock  was  attached.  Once  on  the  surface,  it 
was  learned  that  the  clock  was  not  retrieved. 
Implosion  forces  must  have  “blown”  the  clock  off 
the  chain.  Hence,  the  time  to  implosion  for  Sphere  3 
was  not  obtained;  however,  from  information 
obtained  during  the  third  inspection  it  has  been 
deduced  that  the  sphere  imploded  during  descent. 
The  Tunic  operators  thoroughly  searched  the  Sphere 
3  site  for  the  clock,  which  was  not  located,  but 
observations  showed  that  fragments  of  concrete  were 
spread  over  a  radius  of  50  yards.  Also,  the  anchor 
chain  was  not  at  the  center  of  debris  or  at  the  loca¬ 
tion  of  highest  fragment  density.  This  information 


Figure  11.  View  of  coated  sphere  (No.  13)  at 

a  depth  of  2,635  feet  after  431  days. 
Material  on  top  of  sphere  is  sediment. 
Nylon  rope  on  left  side  of  sphere  was 
used  to  secure  5/8-in.  chain  around 
sphere  (see  Figure  4). 

meant  that  the  sphere  probably  imploded  during 
descent  which  allowed  the  fragments  to  disperse. 

In  the  case  of  Sphere  7,  the  fragments  were  all 
located  within  a  10-yard  radius.  Sphere  7  did  not 
contain  a  clock,  so  the  time  to  implosion  is  between  1 
and  431  days. 

For  Spheres  3  and  7,  the  Pj/Pjn,  ratio  was  0.72 
and  0.58,  respectively.  This  level  of  long-term  loading 
was  considered  relatively  low  for  implosion  to  occur. 
However,  seven  other  spheres  are  subjected  to  Pj/Pjm 
ratios  greater  than  0.58,  four  of  which  have  been 
inspected  and  are  performing  well. 

The  concrete  control  block  for  Sphere  3  was 
retrieved.  The  compressive  strengths  of  this  block  and 
other  control  specimens  stored  at  on-land  field 
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Table  4.  Inspection  Data 


Chain  Link  Count''  at— 

Sphere 

No. 

Emplacement 
(By:  CEL 
Date:  23  Sep  71 
Time:  0  days) 

Inspection  No.  1 
(By:  Turtle 
Date:  4  Mar  72 
Time:  163  days) 

Inspection  No.  2 
(By:  RUM 
Date:  26  Aug  72 
Time:  340  days) 

Inspection  No.  3 
(By:  Turtle 
Date;  1  Dec  72 
Time:  431  days) 

Time  to 
Implosion 
(days) 

Comments 

1 

29.7* 

- 

- 

- 

- 

2 

29.7 

- 

- 

- 

- 

3 

29.4 

- 

imploded 

- 

0 

4 

29.4 

— 

23 

Insp.  No.  3,  observed 
sphere  intact  and 
floating  high. 

5 

29.6 

- 

21 

- 

- 

6 

29.6 

- 

- 

- 

- 

7 

31.5 

- 

- 

imploded 

1-431 

8 

31.5 

0 

Insp.  No.  3,  sphere 
intact  but  on 
seafloor. 

9 

31.6 

- 

- 

- 

- 

Insp.  No.  3,  chain 
tangled  on  block. 

10 

31.6 

- 

- 

24 

- 

11 

38.0 

- 

- 

31 

- 

12 

32.1 

- 

- 

24 

- 

13 

32.1 

28 

- 

28 

- 

14 

48.4 

39 

- 

39 

- 

15 

32.2 

26 

- 

25 

- 

16 

31.8 

26 

- 

25 

- 

17 

32.6 

29 

- 

28 

- 

18 

32.6 

- 

- 

25 

- 

Number  of  links  suspended  off  seafloor  by  buoyant  sphere. 

^Calculated  number  of  links  suspended  off  seafloor  by  sphere  with  concrete  at  room  dry  condition. 
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conditions  and  fog-room  conditions  are  given  in 
Appendix  C.  The  control  block  from  Sphere  7  was 
not  retrieved  as  the  Turtle  was  not  rigged  for  a 
retrieval  operation. 

Permeability 

The  method  used  to  determine  the  permeability 
of  seawater  through  the  concrete  walls  produced  a 
fairly  accurate  indication  of  in-situ  permeability 
behavior  of  the  spheres.  This  method  used  the  change 
in  number  (reduced  number)  of  chain  links  to 
calculate  the  gain  in  weight  of  the  sphere  due  to  sea¬ 
water  intake.  The  accuracy  of  the  quantitative  results 
depend  on  several  approximations;  these  are 
discussed  in  Appendix  D.  The  accumulative  effect  of 
these  approximations  is  estimated  to  be  a  maximum 
of  ±  0.8  cu  ft  of  seawater.  This  error  can  be  reduced 
to  ±  0.3  cu  ft  by  comparing  the  change  in  link  counts 
from  actual  inspections  instead  of  using  the  calcu¬ 
lated  link  count  from  zero  davs. 

Table  5  gives  the  total  quantity  of  seawater 
intake,  Q,  for  the  different  time  intervals  between 
emplacement  and  inspections.  Seawater  intake 
includes  the  seawater  absorbed  by  the  concrete  and 
the  seawater  that  permeated  through  the  concrete. 
Figure  12  shows  the  Q  versus  time  behavior.  Three 
items  of  interest  are  observed.  One  item  is  that  the 
uncoated  concrete  spheres  have  a  greater  Q  than  the 
coateu  Spheres,  after  431  days,  the  coated  spheres 
showed  an  average  Q  of  about  2.6  cu  ft  and  the 
uncoated  spheres  about  3.6  cu  ft.  Another  item  is 
that  the  spheres  which  have  been  inspected  twice 
bowed  a  considerable  decrease  in  the  rate  of  sea¬ 
water  intake.  The  last  item  is  that  Q  increased  for 
specimens  at  greater  depth,  but  the  increase  was  not 
pronounced. 

The  actual  quantity  of  seawater  permeating  the 
wall,  Qp,  was  estimated  by  subtracting  the  quantity  of 
absorbed  seawater  from  the  total  seawater  intake. 
Karlier  work  on  66-inch-OD  spheres  (8i  showed  that 
the  concrete  (same  concrete  as  used  in  this  studv) 
absorbed  approximately  3  percent  by  weight  (or  7 
percent  by  volume)  of  seawater.  This  corresponds  to 
2.(1  cu  ft  of  seawater  absorbed  by  the  concrete.  Table 
5  shows  the  Qj,  valuer,  for  the  different  time  intervals. 
At  43  1  days,  the  average  Qp  for  the  coated  spheres  was 
0.8  cu  ft  and  for  the  uncoated  spheres  was  1.6  cu  ft. 


Reference  8  repons  permeability  results  from 
two  66-inch-OD  concrete  spheres  subjected  to 
seawater  hydrostatic  pressure  tests.  The  permeability 
data  arc  shown  in  Table  6.  D’Arcy’s  permeability 
coefficient.  was  determined  from  the  data  as  an 
average  of  0.13  x  lo  '^  ft/sec.  D’Arcy’s  permeability 
coefficient  can  be  expressed  as  follow's  for  the 
spheres. 


V 

T 


(1) 


where  K^, 


Qp 


T 

t 

A 

h 


permeability  coefficient,  ft/sec 

quantity  of  permeability 
seawater,  cu  ft 

time,  sec 

wall  thickness,  ft 

extenor  surface  area,  cu  ft 

depth  (or  pressure  head),  ft 


Using  the  value  of  0.13  x  10‘*“  ft/sec  as  a 
baseline,  the  data  from  the  spheres  in  the  ocean  can 
be  compared  to  that  from  the  pressure  vessel  tests. 
Table  5  lists  the  values  for  the  ocean  spheres.  In 
all  cases,  the  permeability  coefficient  was  lower  for 
the  spheres  in  the  ocean  than  for  the  spheres  in  the 
pressure  vessels.  The  average  values  for  the 

coated  spheres  were  0.06x10'*^  ft/sec  at  163 
days  and  0.02  x  10''^  ft/sec  at  431  days,  and 
for  the  uncoated  spheres  were  0.11  x  lo  ’^  ft/sec 
at  163  days  and  0.06x10'*^  ft/sec  at  431  days. 
Other  values  were  those  attained  between  the  time 
interval  of  163  to  431  days;  for  the  coated  spheres, 
no  increase  in  was  observed,  so  was  zero,  and 
for  the  uncoated  spheres  the  average  K^.  was 
0.04  X  lo’^  ft /sec. 

The  permeability  data  from  the  pressure  vessel 
tests  showed  that  a  straight  line  curve  of  Qp  versus 
log  T  fit  the  data  with  fair  accuracy.  The  empirical 
semi-log  relations*  for  one  sphere  (specimen  CWL-9A) 
at  a  simulated  depth  of  2,520  ft  was: 


Qp  =  0.34  log  ,„T  -  0.11  (2) 


*  Kquaiions  2  and  3  are  presented  in  this  report  with  time,  T.  in  days.  These  equations  are  different 
from  those  in  Reference  8  which  give  time,  T,  in  hours. 
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Tabic  5.  Permeability  Data 


r 


Seawater  Permeating  Interior,  Qp.^  and 

D'Arcy’s  Permeability  Coefficient,  K^,  for- 

163-431  Days 

B 

0 

0 

0.(M 

0.(M 

0 

0 

SO 

SO 

0 

0 

lA 

a 

1 

•^C 

ft/sec 

xlO 

0.05 

0.02 

0.07 

0 

0.04 

0.06 

0.06 

0.07 

»  3 

0-340  Days 

m 

0.03 

0.07 

1  1  1  1  1  1  1  1  1 

^  <S 

0163  Days 

B 

oro 

no 

ZI  0 

0 

H 

0 

80 

OT 

II 

0 

Change  in  Link  Count.  AL.  and 

Total  Seawater  Intake,  Q,  for— 

163-431  Days 

Q 

(cu  ft) 

0 

0 

0.5 

0.5 

0.4 

AL 

(links) 

OT 

0  1 

OT 

0 

0 

(/) 

X 

4 

_ 

O'  = 

o 

r-.  ooOjO-inm  O;  - 

.J  ^ 

<  S 

1 

H 

1 

0“340  Days 

Q 

(cu  ft) 

z> 

If 

AL 

(links) 

6.4 

8.6 

_ 

0-163  Days 

Q 

(cu  ft) 

2.0 

3.1 

3.0 

2.8 

1.5 

V. 

<  .s 

Depth 

(ft) 

4,185 

4,100 

3,190 

3,140 

2,790 

2,63  5 

2,440 

2,300 

2,120 

1,980 

1,840 

Concrete 

Water¬ 

proofed 

no 

no 

no 

yes 

no 

yes 

yes 

no 

no 

half/ 

half 

half/ 

half 

Sphere 

No. 

■nBniHH 
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To  obtain  seawater  permeability,  Qp,  the  seawater  absorbed  by  the  concrete  was  estimated  as  2.0  cu  ft  and 
was  subtracted  from  the  total  seawater  intake,  Q, 


and  for  another  sphere  (specimen  CWL-6)  at  a 
simulated  depth  of  3,760  feet  it  was: 

Op  =  0.32  log, oT  -  0.01  (3) 

where  T  is  time  (days). 

Figure  13  shows  a  comparison  between  D’Arcy’s 
equation,  Equation  1,  using  =0.13  x  10'*^  ft/sec 
and  the  empirical  equations.  Equations  2  and  3.  Data 
from  the  ocean  spheres  are  shown  to  be  bracketed  by 
the  D'Arcy  and  empincal  semi-log  relations.  D’Arcy’s 


relation  assumes  a  constant  rate  of  permeability, 
whereas  the  extrapolation  of  the  empirical  semi-log 
relation  assumes  a  decreasing  rate  with  time.  It  is  not 
apparent  at  this  time  which  approach  defines  the 
permeability  behavior  of  the  concrete  spheres. 
Additional  data  from  inspections  are  required. 

Sphere  8  was  found  intact  but  sitting  on  the 
seafloor  after  431  days.  A  total  seawater  intake  of 
15.3  cu  ft  or  more  was  required  to  overcome  the 
positive  buoyancy  of  the  sphere.  This  quantity  of  sea¬ 
water  was  three  to  four  times  that  of  the  other 


Figure  13.  Comparison  of  ocean  sphere  permeability  data  with  the  D’Arcy  equation  and  the 
empirical  semi-log  relations  as  given  in  Reference  8. 
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Table  6.  Permeability  Data  (After  Haynes  and  Kahn  |8) ) 


Specimen 

No. 

Simulated 

Depth 

(ft) 

H 

Permeability,  Qp 
(cu  ft) 

D’Arcy’s 
Permeability 
Coefficient,  K^. 
(ft/sec  X  10'^^) 

CWL-9A 

2,520 

21 

0.34 

0.16 

CWL-6 

3,760 

42 

0.52 

0.10 

NOTE:  Spheres  started  the  test  having  the  concrete  in  a  wet  condition.  The  procedure 
for  obtaining  wet-concrete  waits  was  to  place  an  uncoated  sphere  on  the  bottom 
of  the  pressure  vessel  and  allow  the  seawater  to  fill  the  inside  of  the  sphere,  and 
then  apply  hydrostatic  pressure.  The  pressure  was  maintained  usually  for  7  days 
at  500  psi  or  until  the  pressure  became  constant  and  showed  no  decrease,  thus 
indicating  that  the  voids  of  more  significant  size  were  filled  with  water. 


spheres,  so  it  was  evident  that  Sphere  8  leaked. 
Experience  in  fabricaang  concrete  spheres  has  shown 
that  periodically  a  specimen  leaked  at  a  concrete- 
epoxy  joint. 

SUMMARY 

Of  the  original  eighteen  spheres  emplaced  at 
depths  between  1,840  and  5,075  ft,  fifteen  spheres 
have  been  inspected  at  least  once.  Of  the  spheres  that 
were  inspected,  the  one  at  greatest  depth  was  at 
4,185  feet,  and  was  performing  well  after  431  days. 
Iwo  spheres  have  imploded:  one  sphere  imploded 
during  emplacement  to  the  depth  of  4,3  30  feet  and 
the  other  sphere  imploded  during  the  time  interval  of 
1  to  431  davs  at  a  depth  of  3,725  feet. 

The  quantity  of  seawater  that  had  permeated 
through  the  concrete  walls  was  about  0.8  cu  ft  for  the 
coated  spheres  (waterproofed  concrete)  and  1.6  cu  ft 
for  the  uncoated  spheres  (non-waterproofed  concrete). 


D’Arcy's  permeability  coefficient,  K^,  was  on 
the  average  0.02  x  10"*^  ft/sec  for  the  coated  spheres 
and  0.06  X  10'*^  ft/sec  for  the  uncoated  spheres 
between  the  time  interval  of  0  to  43 1  days  on  the 
seafloor.  These  values  were  less  than  the  K^.  value 
of  0.13  X  10’^  2  ft/sec  obtained  from  pressure  vessel 
tests  on  similar  uncoated  spheres  for  time  intervals  up 
to  42  days  1 8) . 

The  concrete  spheres  are  to  remain  in  the  ocean 
through  1981  wdth  periodic  inspections  to  determine 
implosion  and  permeability  data. 
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Appendix  A 


CONCRETE  MATERIALS 


The  mix  design  for  the  concrete  is  given  in  Table 
A-1.  Transit-mix  trucks  delivered  the  concrete,  and 
final  determination  of  water  content  was  based  on 
workability.  Table  A-2  gives  the  properties  of  the 
fresh  concrete;  average  values  were  (1)  water-to- 
cement  ratio  of  0,40,  (2)  slump  of  1-1/2  inches,  (3)  air 
content  of  2.4  percent  by  volume,  and  (4)  unit 
weight  of  145.2  Ib/cu  ft. 

Compressive  strength  of  the  concrete  at  age  28 
days  (Table  A-2)  averaged  7,660  psi  for  the  fog- 
room-cured  specimens  and  7,690  psi  for  the  on-land 
field-cured  specimens  (moist-cured  in  wet  burlap  and 
wrapped  in  plastic  for  first  28  days).  The  compressive 
strength  of  the  concrete  at  ages  varying  from  45  to 
174  days  was  obtained  prior  to  emplacine  '  pheres 
in  the  ocean  (Table  A-2).  These  strePirth*  ..-ere  used 
to  calculate  the  short-term  implosi'  .i  .ssure  of  the 
spheres  (the  compressive  strength  of  the  weaker 
hemisphere  was  used)  so  that  projected  emplacement 
depths  could  be  calculated  For  the  uncoated  spheres, 
the  control  cylinders  v  ere  saturated  with  seawater 
pnor  to  testing.  The  method  of  saturation  was  to 
place  the  specimen  in  a  pressure  vessel  and  apply  500 
psi  pressure  for  7  days.  The  strength  of  saturated  con¬ 
crete  has  been  found  to  be  10%  lower  than  room-dry' 
concrete  [81.  The  coating  was  assumed  to  maintain 
the  concrete  m  a  dry  condition,  so  the  control 
cylinders  were  tested  in  a  dry  condition. 

Table  A-3  is  a  copy  of  a  typical  mill  test  report 
on  tf  c  ponland  cement  used  by  the  transit-mix 
supp.ier.  Southern  Pacific  Milling,  during  the 
fabrication  of  the  hemispheres.  All  of  the  cement 
meets  ASTM  specification  C-15(F70,  Type  II,  Low- 
Al';a]i,  Portland  Cement. 


X-ray  diffraction  patterns  for  three  concrete 
blocks,  W-15,  W-39,  and  W-41,  were  obtained 
(Figures  A-1  through  A-3)  for  documentation  of  the 
chemical  composition  of  the  concrete  at  the  early 
stages  of  the  test  program.  At  the  end  of  the  test 
program,  which  could  be  many  years  away,  samples 
of  concrete  can  be  analyzed  to  determine  whether  or 
not  the  concrete  has  been  attacked  by  the  sulphates 
in  seawater.  Table  A-4  gives  the  diffraction  angle  (26) 
of  the  expected  intensity  peaks  for  concrete  attacked 
and  unattacked  by  sulphates  in  seawater  1 12] . 

Table  A-1.  Concrete  Mix  Design 

Portland  cement.  Type  II.  low-alkali 

Santa  Clara  River  aggregate 

Water-to-cemeni  ratio  =  0.41 

Sand-to-cement  ratio  =  1.85 

Coarse  aggregate-to-ccmeni  ratio  =  2.28 

Water-reducing  admixture  »  2  oz/slack  of  Plastiment 


Aggregate  Gradation 

Material 

Sieve  Size 

Percentage  Retained 

Designation 

Individual 

Cumulative 

3/8  inch 

0 

0 

no.  4 

2 

2 

no.  8 

11 

13 

Sand 

no.  16 

17 

30 

no.  30 

28 

58 

no.  50 

28 

86 

no.  100 

11 

97 

pan 

3 

100 

3/4  inch 

0 

0 

Coarse  aggregate 

3/8  inch 

70 

70 

no.  4 

30 

100 
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Table  A-2.  Concrete  Control  Cylinder  Data 
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continued 


Table  A-2.  Continued 


T 


Age,  Condition,  and 
Compressive  Strength,  f^, 

Prior  to  Ocean  FImplacement 

(psi) 

8,170 

9,200 

7,830 

8,740 

7,780 

8,340 

9,050 

7,730 

8,770 

7,590 

Condition 

of 

Concrete^ 

dry 

dry 

wet 

wet 

wet 

wet 

dry 

wet 

dry 

wet 

Age 

(days) 

144 

148 

74 

82 

67 

75 

51 

52 

48 

45 

Compressive  Strength, 
at  28  Days 
(psi) 

_ _ _ 

•Cl 

uk  E 
c  o 

X  c 

CC 

6,990 

7,550 

8,170 

7,810 

7,220 

7,930 

8,050 

7,730 

8,620 

7,970 

Wrapped 

Wci  Burlap 
and  Plastic^ 
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7,520 
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145.4 
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by  Volume 
<%) 
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2.0 
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Table  A-3.  Copy  of  Mill  Test  Report  on  Cement 


PACIFIC  WESTERN  INDUSTRIES,  INC. 

LOS  ROBLES  CEMENT  DIVISION 

POST  OFFICE  BOX  1247  •  (805)248-6733 
LEBEC,  CALIFORNIA  93243 


MILL  TEST  REPORT 


We  certify  that  17,982  bbis.  of  LOS  ROBLES  Portland  Cement  in 
Silo  or  Lot  No.  1-802  has  the  following  chemical  and  physical  characteristics 
as  tested  in  our  plant  laboratory: 


CHEMICAL  ANALYSIS; 

FINENESS; 

Silicon  Dioxide,  SiO^ 

22.28 

_ % 

Blaine,  Sq.  Cm.  per  Gram 

3476 

Aluminum  Oxide,  •'^IjOj 

4.62 

% 

Wagner,  Sq.  Cm.  per 

Gram 

Ferric  Oxide,  Fe^Oj  . 

3.04 

_ % 

SOUNDNESS; 

Calcium  Oxide,  CaO  . 

64.24 

% 

Magnesium  Oxide,  .MgO 

1.46 

_ % 

Autoclave.  Percent  Expansion  .000 

Sulphur  Trioxide,  SO3  . 

2.73 

% 

TIME  OF  SETTING: 

Loss  on  Ignition  .... 

1.38 

% 

Insoluble . 

0.05 

_ % 

Vicat 

1  hrs. 

45 

min 

.Alkalies,  Comb,  as  Na20 

0.42 

_ % 

Gilmore.  Initial  Set 

2  hrs. 

50 

min 

Final  Set 

4  hrs. 

30 

min 

POTENTIAL  COMPOUNDS; 

COMPRESSIVE  STRENGTH; 

3  CaO.SiO, . 

49.0 

% 

■ 

1  dav  .... 

1552 

psi 

2  CaO.SiOi 

26.9 

% 

2838 

3  CaO.AUOj . 

7.1 

% 

7  davs  .... 

4411 

psi 

4  Ca0.Al203.Fe203. 

9.2 

_  % 

28  days  .... 

6802 

psi 

THIS  CEMENT  MEETS  OR  EXCEEDS  THE  FOLLOWING  DESCRIBED  SPECIFICATIONS; 


ASTM: _ C-1 50-70  Type  II  Low  Alkali 

FEDERAL; _ SS-C-192g  Type  II  Low  Alkali 


CALIFORNIA;  State  Div,  of  Hwys.  Std.  Spec.  90-2.01  Mod.  Type  II  Low  Alkali 
OTHER; 


MAIN  OFFICE: 

3810  W'ilshirc  Boulevard 

Pacific  Western  Industries, 

Inc. 

Los  Angeles,  California  90005 

(213)  381-3181 

BY 

4-2-71 

(iHiEF  chEMIsT 

5aTC 

Table  A-4.  Expected  Intensity  Peaks  112)  From  X-Ray  Diffraction  Analysis 
of  Concrete  Attacked  and  Unattacked  by  Seawater 


Diffraction  Angle  (26) 

at  Intensity  Peak 

Material 

Remarks 

(deg) 

Concrete  Attacked  by  Sulfates  in  Seawater 

)A 

Ettringite, 

15.8 

3Ca0Al203  3CaS0432H20 

11.2 

Hydrocalumite, 

Mav  not  be  present. 

Cai^Alig(0H)54C0321H20 

1  1.7 

Gypsum,  CaS042H20 

Verv  soluble,  may  not  be  present. 

29.4 

Calcite,  CaC03 

Due  to  carbonation. 

26.2 

27.2 

Aragonite,  CaC03 

Formed  at  cold  temperatures, 
may  not  be  present. 

j  Concrete  Unattacked 

18.1 

34.1 

Lime,  Ca(OH)2 

Created  from  hydrated  cement. 

broad  peak 
~28-33 

Tobermonte  gel 

Created  from  hydrated  cement. 

32.3 

c,s 

Traces  of  unhydrated  cement. 

ll.l 

C3S  and  C,S 

usually  hard  to  see  in  older 

33.1 

C3A 

concrete. 

29.4 

Calcite,  CaC03 

Due  to  carbonation. 

10.5 

20.9 

Aggregates 

Some  of  the  larger  peaks  from  the 

26.6-' 

aggregate. 

27.8 

■'  Quartz  aggregate. 
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44  41  3K  35  32  29  26  23  20  1 7  14  11  8 

Diffraction  Angle.  29  (degrees) 


Figure  A-I.  X-ray  diffraction  pattern  for  concrete  from  W-15  control  block. 


24 


44  41  38  35  32  29  26  23  20  17  14  11 

Diffraction  Angle,  29  (degrees) 


Figure  A-2.  X-ray  diffraction  pattern  for  concrete  from  W-39  control  block. 
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Appendix  B 


SOIL  PROPERTIES 

Table  B-1.  Soil  Data 


(Core  specimen  obtained  at  4,100  feet  near  Sphere  5 :  core  diameter  was  2.75  inches.) 


Item 

Properties  of  Soil  Sample 

From  Core  by  Intervals 

0-3  In. 

6-9  In. 

13-16  In. 

Bulk  wet  density  (pcf) 

90.64 

94.53 

94.20 

Water  content  (%) 

82.69 

83.39 

85.54 

V'ane  shear  strength  (psi) 

0.296 

1.074 

1.431 

Remolded  shear  strength  (psi) 

0.037 

0.394 

0.566 

Sensitivity 

8.0 

2.7 

2.5 

Liquid  limit 

81.7 

91.0 

112.3 

Plastic  limit 

42.3 

39.9 

42.5 

Plasticity  index 

39.4 

51.1 

69.8 

Specific  gravity 

2.63 

2.57 

2.61 

Unified  soil  classification 

MH 

MH 

CH 

Type  of  soil 

silt 

silt 

clay-silt 

Appendix  C 


COMPRESSIVE  STRENGTH  OF  CONCRETE  FOR  SPHERE  3 


Even  though  Sphere  3  imploded  on  descent  to  the  seafloor,  the  control  block  of  concrete  was  .tot 
retrieved  until  340  days  later.  This  control  block  was  fabricated  of  the  same  concrete  as  one  of  the  sphere’s 
hemispheres,  W-16.  This  concrete  experienced  a  history  of  172  days  of  on-land  field  curing  and  340  days  of 
in-ocean  field  curing. 

The  other  hemisphere,  W-15,  had  a  corresponding  control  block  that  was  continuously  stored 
out-of-doors;  hence,  this  concrete  underwent  a  continuous  514  days  of  on-land  field  curing.  Simulta¬ 
neously,  three  6  x  12-inch-long  cylinders  for  both  hemispheres  underwent  continuous  fog  room  curing. 

The  compressive  strengths  for  the  concrete  arc  shown  in  Table  C-1  and  Figure  C-1.  The  fog-cured 
concrete  increased  23  percent  in  average  strength,  from  8,460  to  10,420  psi.  The  on-land  field-cured 
concrete  leveled  off  in  strength  at  an  average  of  8,650  psi  after  1 34  days.  The  In-ocean  field-cured  concrete 
decreased  in  strength  from  an  average  of  9,650  psi  after  132  days  of  on-land  curing  to  an  average  of  7,600 
psi  after  340  days  in  the  ocean-,  this  was  a  21  percent  decrease  in  strength.  Wetting  of  the  dry  concrete 
would  account  for  10  percent  of  the  decrease  18) perhaps  under  the  long-term  hydrostatic  pressure  the 
total  decrease  in  strength  was  due  to  saturation  of  the  concrete.  Previous  work  by  Russians  [13]  showed  a 
decrease  in  compressive  strength  of  28  percent  due  to  saturating  dry  concrete  under  high  hydrostatic 
pressure;  however,  the  test  procedure  used  to  obtain  the  saturated  concrete  was  not  discussed. 

Concrete  from  block  W-16  was  analyzed  by  x-ray  diffraction  techniques.  It  was  found  that  the 
concrete  was  not  attacked  by  the  seawater. 
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Table  C-1 


Control  Cylinder  Data  for  Sphere  3 


Curing 

Condition 

Total 

Saturated 

Number  of 

Compressive 

Coefficient 

of 

Variation 

(%) 

Hemisphere 

Age 

(days) 

With  Seawater 

Prior  to  Test 

Control 

Specimens 

Strength,  f^ 
(psi) 

Fog  Room 

28 

no 

3 

8,520 

- 

Field" 

28 

no 

3 

7,260 

- 

With 

W-15 

Hemisphere" 

134 

no 

3 

8,840 

— 

Fog  Room 

514 

no 

3 

10,470 

3.9 

Field  at 
CEL"'  * 

514 

no 

4 

8,650 

3.7 

Fog  Room 

28 

no 

3 

8,400 

- 

Field" 

28 

no 

3 

7,940 

- 

W-16 

With 

Hemisphere" 

132 

no 

3 

9,650 

- 

Fr"  Room 

512 

no 

3 

10,360 

1.5 

In  T'-e  .n"'  * 

(at  4,400  ft 
for  341  days) 

512 

yes 

4 

7,600 

4.0 

First  28  days:  moist-cured  in  wet  burlap  wrapped  in  plastic  sheeting. 
*  6  X  12-in. -long  cylinders  cored  from  block  18  x  18  x  14  inches. 
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CALCULATION  OF  SEAWATER  INTAKE 


The  method  used  to  calculate  the  total  quantity  of  seawater  intake  by  the  spheres  depends  on 
obtaining  the  change  in  number  of  chain  links  suspended  off  the  seafloor  by  a  sphere.  The  reduction  in 
number  of  links  is  converted  into  quantity  of  seawater  intake,  Q.  The  accuracy  of  determining  Q  is 
dependent  on  several  approximations. 

One  approximation  is  the  criterion  by  which  the  submersible  operators  counted  the  chain  links.  They 
counted  only  whole  links-,  or,  in  other  words,  the  bottom-most  link  counted  was  the  one  in  a  vertical 
position. 

Another  approximation  is  estimating  the  original  number  of  links  suspended  off  the  seafloor  when  the 
spheres  had  dry-concrete  walls.  The  associated  calculations  are  shown  below,  in  part,  and  are  completed  in 
Table  D-1. 

Buoyancy  of  Hull 

Dimensions  =  65.886  inches  and  Dj  =  57.640  inches 
Weight  of  Displaced  Seawater,  Wq 

Wp  =  64  pcf  (86.64  cu  ft)  =  5,545  lb 
Weight  of  Concrete  Sphere,  W^. 

Wc  =  145.2  pcf  (28.625  cu  ft)  =  4,156  1b 
Positive  Buoyancy  =  1.389  lb  for  bare  concrete  hull 
In-Water  Weight  of  Components  on  Spheres 


5/8-inch  chain .  67  lb 

Wet-concrete  control  block .  220  lb 

Steel  components .  40  lb 

Titanium  components .  8  lb 

Load  on  Spheres  7-16  (also  common  load  to  other  spheres)  ....  335  lb 

Clock  (estimated  in  air  weight) .  20  lb 

Batteries  (estimated  in  air  weight) .  40  lb 

Common  load . +335  lb 

Load  on  Spheres  1-6 .  395  lb 

Steel  bar  reinforcement  (in-water  weight) .  150  lb 

Common  load . +335  lb 

Load  on  Spheres  17  and  18  485  lb 


Column  D  in  Table  D-1  was  another  approximation.  This  was  the  apparent  weight  gain  of  the  system 
due  to  the  change  in  volume  of  the  sphere  under  load.  Using  data  from  Reference  8,  it  was  assumed  that  the 
maximum  long-term  strain  for  the  spheres  at  greatest  depths  was  2,500  )tin./in.  This  strain  resulted  in  a 
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change  in  volume  sufficient  to  reduce  the  buoyancy  by  40  pounds.  For  the  spheres  in  shallower  water,  a 
proportional  buoyancy  adjustment  was  made. 

It  was  estimated  that  the  maximum  error  in  the  net  positive  buoyancy  values  was  ±50  pounds.  In 
terms  of  chain  links  (2-1/4-inch  chain),  the  error  was  ±1.5  links;  or  in  terms  of  seawater  intake,  the  error 
was  ±0.8  cu  ft. 

The  error  associated  with  permeability  reading  between  inspections  is  ±20  pounds,  or  ±0.3  cu  ft. 


Table  D-1 .  Calculation  of  Number  of  Links  Off  Seafloor  at  Zero  Days 


Sphere 

No. 

A 

Positive 
Buoyancy 
of  Concrete 

Hull 

(Ib) 

B 

Weight'*  of 
Components 
on  Hull 
(Ib) 

c 

Weight^ 

of 

Shackles 

(lb) 

D 

Apparent 

Weight 

Cain 

(lb)* 

E  =  A-IB  +  C  +  Dl 
Net  Positive 
Buoyancy 
(lb) 

F 

Chain 

Size 

(in.) 

G 

Weight** 
of  Each 
Chain  Link 
(Ib/link) 

H  =  E/G 

Number 

of  Links 

Off  Seafloor 

1 

1,389 

395 

28 

-  1 

40 

926 

2-1/4 

31.2 

29.7 

2 

1,389 

395 

28 

40 

926 

2-1/4 

31.2 

29.7 

3 

1,389 

395 

42 

35 

917 

2-1/4 

31.2 

29.4 

■ 

1,389 

395 

42 

35 

917 

2-1/4 

31.2 

29.4 

■ 

1,389 

395 

42 

30 

922 

2-1/4 

31.2 

29.6 

H 

1,389 

395 

42 

30 

922 

2-1/4 

31.2 

29.6 

■ 

1,389 

335 

42 

30 

982 

2-1/4 

31.2 

31.5 

8 

1,389 

335 

42 

30 

982 

2-1/4 

31.2 

31.5 

9 

1,389 

335 

42 

25 

987 

2-1/4 

31.2 

31.6 

10 

1,389 

335 

42 

25 

987 

2-1/4 

31.2 

31.6 

11 

1,389 

335 

42 

25 

987 

2-1/4 

26.0 

38.0 

12 

1,389 

335 

28 

25 

1,001 

2-1/4 

31.2 

32.1 

13 

1,389 

335 

28 

25 

1,001 

2-1/4 

31.2 

32.1 

14 

1,389 

335 

28 

20 

1,006 

2 

20.8 

48.4 

15 

1,389 

335 

28 

20 

1,006 

2-1/4 

31.2 

32.2 

16 

1,389 

335 

42 

20 

992 

2-1/4 

31.2 

31.8 

17 

1,389 

485 

42 

15 

847 

2-1/8 

26.0 

32.6 

18 

1,389 

485 

42 

15 

847 

2-1/8 

26.0 

32.6 

ln*water  weight. 

^  Due  to  change  in  volume  of  sphere  under  load. 
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LIST  OF  SYMBOLS 


A  Exterior  surface  area,  cu  ft 

Di  1  nner  diameter  of  concrete  sphere,  in. 

Outer  diameter  of  concrete  sphere,  in. 
fj  Uniaxial  compressive  strength  of  concrete,  psi 

h  Depth  (or  pressure  head),  ft 

Permeability  coefficient,  ft/sec 
Short-term  implosion  pressure,  psi 
P^  Sustained  pressure,  psi 

Q  Total  quantity  of  seawater  intake,  cu  ft 

Qp  Quantity  of  seawater  permeating  wall  of  sphere,  cu  ft 

T  Time,  sec,  hr,  days 

t  Wall  thickness,  ft,  in. 

Weight  of  concrete  sphere,  lb 
Wp  Weight  of  displaced  seawater,  lb 
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Commander  (Code  753) 
Technical  Library 
Naval  Weapons  Cer>ter 
China  Lake.  CA  93S5S 


Superintendent 
Attn  Library  (Code  2124) 
Naval  Postgraduate  School 
Monterey.  CA  93940 


Or  Edward  B.  Thornton 
Department  of  Oceanography 
Naval  Postgraduate  School 
Monterey.  CA  93940 


Commanding  Officer 

Western  Division  •  Code  09PA 

Naval  Facilities  Engineering  Command 

P.  O.  Box  727 

San  Bruno.  CA  94066 


Commanding  Officer 

western  Division  •  Code  04 

Naval  Facilities  Engineering  Command 

P.  O.  Box  727 

San  Bruno.  CA  94066 

Commanding  Officer 

Western  Division  •  Code  04B 

Naval  Facilities  Engineering  Command 

P.  O.  Box  727 

San  Bruno,  CA  94066 

Commanding  Officer 

Western  Division  •  Code  05 

Naval  Facilities  Engineering  Command 

P.  O.  Box  727 

San  Bruno.  CA  94066 

Commanding  Officer 

western  Division  •  Code  20 

Naval  Fariitties  Engineering  Command 

P.  O.  Box  727 

San  Bruno.  CA  94066 

Public  Works  Officer 
Naval  Station 
Treasure  island 
San  Francisco.  CA  94130 


Asst.  Resident  OIC  of  Construction 
Bldg  506 

Hunters  Point  Naval  Shipyard 
San  Francisco.  CA  94135 


Public  Works  Department  (183) 
Naval  Air  Station 
Mameda,  CA  94501 


Supervisor  of  Salvage 
west  Coast  Rapresentative 
4300  Eastshore  Highway 
Emeryville.  CA  94600 


Director,  Engineering  Division 
Officer  in  Charge  of  Construction 
Navel  Facilities  Engineering  Command 
Contracts.  Southwest  Pacific 
APO  San  Francisco  96528 

Headquarters 
Kwaialein  Missile  Range 
Box  26.  Attn  SSC^RKL'C 
APO  San  Francisco  ^555 


Commanding  Officer 

Mobile  Construction  Battalion  TEN 

FPO  San  FrtncifCO  96601 


Operations  Officer 

Naval  Construction  Battalions 

U.  S.  Pacific  Fleet 

FPO  San  Francisco  96610 


Commander 
Pacific  Division 

Naval  Facilities  Engineering  Command 
FPO  San  Francisco  96610 


RDT4E  Liaison  Officer 
Pacific  Division  •  Code  403 
Nival  Facilities  Engineering  command 
FPO  San  Francisco  96610 


Mr.  T.  M.  Ishibashi 
Navy  Public  Works  Center 
Engineering  Department  •  Code  200 
FPO  Sen  Franciico  96610 


Public  Works  Officer 
U.  S.  Naval  Station 
Box  15 

FPO  San  Francisco  96614 
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Mr.  D.  K.  Moore 
Hawaii  Laboratory 
Naval  Undersea  Center 
FPO  San  Francisco  96615 


Officer  in  Charge  of  Constructive 
Naval  Facilities  Engineering  Command 
Contracts,  Marianas 
FPO  San  Francisco  96630 


LT  G.D.  Cullison,  CEC,  USN 
771  Murray  Dr. 

Honolulu,  HI  96818 


Engineering  Library.  Code  202.5 
Puget  Sound  Naval  Shipyard 
Bremerton,  WA  98314 


Commanding  Officer 

U.  S.  Navy  Public  Works  Center 

Box  13 

FPO  Seattle  98762 


Commanding  Officer 
U.S.  Naval  Air  Facility 
Box  15 

FPO  Seattle  98767 


Colleges,  etc 


Prof.  w.  E,  Heronemus 
Civil  Engineering  Dept 
University  of  Massachusetts 
Amherst,  MA  01002 


MIT  Libraries 

Technical  Reports  •  Room  14  E*210 
Massachusetts  institute  of  Technology 
Cambridge,  MA  02139 


lCOR  James  w.  Eckert,  CEC.  USN 

NROTCjNAU 

Massachusetts,  NA  02139 


Robert  V.  Whitman 
Room  1-253 

Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 


Mrs.  A.  P,  Richards 

Biological  Sciences 

William  F.  Clapp  Labs  -  Batteile 

Washington  Street 

Ouxbury.  MA  02332 

Document  Library  LO'206 

Woods  Hole  Oceanographic  institution 

Woods  Hole,  MA  02543 


Pelt  Marine  Science  Library 
University  of  Rhode  island 
Narragansett  Bay  Campus 
Narragansett,  Rl  02882 


Prof.  R.  W.  Coreil 
Mechanical  Engineering  Dept. 
Kingsbury  Hall 
University  of  New  Hampshire 
Durham,  NH  03824 

Kline  Science  Library 

Kline  Biology  Tower,  Room  C*8 

Vale  university 

New  Haven,  CT  06520 


M.  Schupack 
Schupack  Associates 
300  Broad  Street 
Stamford,  CT  06901 


Mr.  Willard  J.  Pierson,  Jr. 

University  Institute  of  Oceanography 
c/o  The  Bronx  Community  College 
West  181st  Street  and  University  Ave. 
Bronx,  NY  10453 

Reprint  Custodian 
Dept,  of  Nautical  Science 
U.  S.  Merchant  Marine  Academy 
Kings  Point,  NY  11024 


Dept  of  Civil  Engineering 
State  University  of  New  Vork 
At  Buffalo 
Buffalo.  NY  14214 


Mr.  R.  F.  Snyder 
Ordnance  Research  Laboratory 
Pennsylvania  State  University 
State  College,  PA  16801 


Mr.  wtiilam  H.  Gotoiskl 
F^nnsyivanla  State  University 
212  Sackett  Bldg 
University  Park,  PA  16802 


FYofessor  Adrian  F.  Richards 
Marine  Geotechnical  Laboratory 
Lehigh  University 
Bethlehem,  PA  18015 


Associate  Librarian 

Mart  Science  &  Engineering  Library 

Lehigh  university 

IS  E.  Packer  Avenue 

Bethlehem,  PA  18015 

Or  Hsuan  Yeh 

Towne  School  of  Civil  &  Mechanical  Eng. 
University  of  Pennsylvania 
Philadelphia,  PA  19104 


Professor  E.  Chesson 
132  DuPont  Hall 
Newark,  DE  19711 


Professor  Raymond  R.  Fox 
Nuclear  Defense  Design  Center 
School  of  Engineering  &  Applied  Science 
The  George  Washington  University 
Washington,  DC  20006 

T,  W,  Mermel 

4540  43rd  Street.  NW 

Weshington.  OC  20016 


Library  of  Congress 
Science  &  Technology  Division 
Washington,  DC  20540 


Research  Library 
Chesapeake  Bay  Institute 
The  John  Hopkins  University 
Macaulay  Hall 
Baltimore.  MD  21218 

w.  F.  Searie.  Jr. 

National  Academy  of  Engineering 
808  Timber  Branch  Parkway 
Alexandria.  VA  22302 


Public  Documents  Department 
Wm.  R.  Perkins  Library 
Duke  University 
Durham.  NC  27706 


Or  Aleksandar  S.  YiStc 
Department  of  Civil  Engineering 
Duke  University 
Durham.  NC  27706 


Dr  Bruce  Muga 
Dept  of  Civil  Engineering 
Duke  University 
Durham.  NC  27706 


Or  Wm  F.  Brumund 
School  of  Civil  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 


H^ofessor  J.  P.  Hartman 
Dept  of  Civil  Eng.  &  Environ.  Sciences 
Florida  Technological  University 
Orlando.  FL  32816 


Dr  Charles  E.  Larw 
Institute  of  Marine  Science 
University  of  Miami 
Coral  Gables,  FL  33146 


Or  R.  F.  McAllister 
Professor  of  Oceanography 
Florida  Atlantic  University 
Boca  Raton,  FL  33432 


C.  R.  Stephan 
Florida  Atlantic  university 
Department  of  Oceanography 
Boca  Raton,  FL  33432 


Lorenz  G.  Straub  Memorial  Library 
St  Anthony  Falls  Hydraulic  Laboratory 
Mississippi  River  at  3rd  Ave,  SE 
Minneapolis,  MN  55414 


Dr  R.  C.  Jordan 

Dept  of  Mechanical  Engineering 
University  of  Minnesota 
Minrteapolls,  MN  55455 


Library 

Portland  Cement  Association 
Research  &  Development  Laboratories 
542  0  Old  Orchard  Road 
Skokie,  IL  60076 

Or  N.  M.  Newmark 
1114  Civil  Engineering  Bldg 
University  of  Illinois 
Urbana.  IL  61801 


F^ofessor  W.  J.  Hall 
1108  Civil  Engineering  Bldg 
University  of  Illinois 
Urbana,  IL  61801 


Dr  M.  T.  Davisson 
2217  Civil  Engineering  Bldg 
University  of  flMnois 
Urbana,  IL  61801 


Metz  Reference  Room 
Civil  Engineering  Dept 
B106  Civil  Engineering  Bldg 
University  of  Illinois 
Urbana,  IL  61801 

Acquisition  Dept  -  Serials  Section 
University  of  Nebraska  Libraries 
Lincoln,  NE  68508 
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Robert  D,  Tent 
Undersea  Services  Division 
Fluor  Ocean  Services  Inc 
P.  O.  Drawer  310 
Houmat  LA  70360 

Department  of  Oceanograpny 
Texas  A  &  M  University 
College  Station,  TX  77843 


Civi:  Engineering  Dept 
Texas  A  4  M  University 
College  Station,  TX  77843 


R.  C.  Dehart 

Southwest  Research  Institute 
8500  Cuiebra  Road 
San  Antonio,  TX  78228 


Director 

Institute  of  Marine  Science 
The  Uhiversity  of  Texas 
Port  Aransas,  TX  78373 


Professor  M.  M.  Ayoub 
Dept  of  IE 

Texas  Technological  University 
Lubbock,  TX  79409 


Dr  Bernard  C.  Abbott 
Allan  Hancock  Foundation 
University  of  Southern  California 
Los  Angelas,  CA  90007 


Director 

Catalina  Marine  Science  Center 
University  of  Southern  California 
Los  Angelas,  CA  90007 


Aerospace  Corporation 
Acquisitions  Group 
P.  O.  Box  92957 
Los  Angeles,  CA  90009 


Or  Vouna  C.  Kim 

Dept  of  Civil  Engineering 

Calif.  State  university,  Los  Angeles 

LOS  Angeles,  CA  90032 


TRW  Systems 

Attn  P.  I.  Dal  Rl/2178 

1  Space  Park 

Redondo  Beach,  CA  90278 


Mr.  C.  C.  Mow 
The  Rand  Corporation 
1700  Main  Street 
Santa  Monica.  CA  90401 


Dr.  Armas  Laupa 
The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  CA  90406 


Robert  Q.  Palmar 

P.O.  Box  7707 

Long  Beach,  CA  90807 


Dr  C.  V.  Chaiapatl 

Calif.  State  University,  Long  Beach 

Long  Beech.  CA  90840 


Keck  Reference  Room  (107-78) 
136  w.  M.  Keck  Laboratory 
Calif.  Institute  of  Technology 
Pasadena,  CA  91109 


Oceanic  Library  &  Info.  Center 
P.  O.  Box  2369 
La  Jolla,  CA  92037 


Dr  John  F.  Peel  Brahta 
P.  O.  Box  82S 
La  Jolla,  CA  92037 


Mr.  F.  Simpson 
Lockheed  Ocean  Laboratory 
3380  No.  Harbor  Blvd 
San  Diego,  CA  92101 


Or  F.  N.  Spless 

Marine  Physical  Laboratory  of  the 
Scripps  Institution  of  Oceanography 
University  of  California 
San  Diego,  CA  92152 

Dr  Victor  C.  Anderson 
Marine  Physical  Laboratory  of  the 
Scripps  Institution  of  Oceanography 
University  of  California 
San  Diego.  CA  92152 

J.  Padilla 

866  Concord  Ave 

Ventura,  CA  93003 


Manager  Ocean  Systems,  MVJG 
Lockheed  Missiles  4  Space  Co 
p.  O.  Box  504 
Sunnyvale,  CA  94088 


Engineering  Library 
Stanford  University  Libraries 
Stanford,  CA  94305 


Mr.  Richard  G.  Luthy 
615  Madison  Street 
Albany,  CA  94706 


Dept  of  Naval  Architecture 
College  of  Engineering 
University  of  California 
Berkeley.  CA  94720 


Engineering  Library 
University  of  California 
Berkeley.  CA  94720 


Michael  A.  Taylor 
Civil  Engineering  Dept 
College  of  Engineering 
University  of  California,  Davis 
Davis,  CA  95616 

Director 

Calif.  Dept  of  Navigation  4  Dcean  Dev. 
1416  9th  Street 
Sacramento,  CA  95814 


Assoc,  n’ofessor  R.  A.  Grace 
University  of  Hawaii 
Honolulu,  HI  96822 


LT  G.  O.  Culllson,  CEC,  USN 
771  Murray  Or. 

Honolulu,  HI  96818 


School  of  Oceanography 
Oregon  State  University 
Corvallis,  OR  97331 


Dr  S.  R.  Murphy 
University  of  Washington 
Seattle,  WA  98195 


Information  Officer 

United  Kingdom  Scientific  Mission 

British  Embassy 

3100  Massachusetts  Ave,  NW 

Washington,  DC 

Mrs.  Ragna  Adotfsson,  Librarian 
Cemant-och  Batonginstitutat 
Fack  100  44  Stockholm  70 
Sweden 


Literature  Exchange 

C:ament  and  Concrete  Association 

Waxham  Springs 

SLOUGH  SL3  6PL 

Bucks,  England 


Additions 


Mr.  Austin  Kovacs 
U.S.  Army 

Cold  Regions  Research  4  Eng.  Lab. 
P.  O.  Box  282 
Hanover,  NH  03755 

Mr.  John  Quirk 
Code  710 

Naval  Coastal  Systems  Lab. 

Panama  City,  FL  32401 


Public  Works  Dept. 

Puget  Sound  Naval  Shipyard 
BramertOh,  WA  98314 


Mr.  John  R.  Saroyan 
1320  Carl  Avenue 
Valleio,  CA  94590 


Dr.  M.  O.  Ashton 

united  Kingdom  Scientific  Mission 
British  Embassy 

3100  Massachusetts  Avenue,  NW 
Washington,  DC  20008 


Dr.  A.  H.  Mattock 
Department  of  Civil  Engineering 
University  of  Washington 
Seattle,  WA  93105 


Meyer  Steinberg 

Nuclear  Engineering  Department 
Brookhaven  National  Laboratory 
Upton.  NV  11973 


Mr.  J.  H.  Walker 
Portland  Cement  Association 
Research  4  Development  Laboratories 
5420  Old  Orchard  Road 
Skokie,  IL  60076 


Mr.  George  Schick 
Scripps  Institute  of  Oceanography 
university  of  California 
La  Jolla,  CA  92038 
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Mr.  James  Snodgrass 
Scripps  Institute  of  Oceanography 
University  of  California 
La  Jolla.  CA  92038 

Mr.  Sorkin 

Naval  Ship  Systems  Command 
Code  03421 

Washington,  DC  20362 
Mr.  Freund 

Naval  Ship  Systems  Command 
Washington,  DC  20362 

George  J.  Peroni 
985  NW  95th  Street 
Miami,  FL  33125 

Morris  Schupack 
Schupack  &  Associates 
2701  Summer  Street 
Stamford,  CT  06905 

Mr.  Will  Foreman 
Code  55  204 
Naval  weapons  Center 
China  Lake.  CA  93555 

Wne  F,  Chang 

Department  of  Civil  Engineering 
University  of  Miami 
Coral  Gables,  Fl  33124 

Adam  Whitley  1 1 1 
SEAFERRO  Inc. 

3701  NW  South  River  Drive 
Miami,  Fl  33142 

R.  S.  Schmid 
Marine  Development 
Bechtel  Corporation 
so  Beale  Street 
San  Francisco,  CA  94111 

Walter  H.  Price 

American  Cement  Technical  Center 
P.O.  Box  832 
Riverside,  CA  92502 

Ben  C.  Gerwick,  Jr. 

Civil  Engineering  Department 
University  of  California.  Berkeley 
Berkeley,  CA  94720 

Ralph  Warrington 
Shell  Oil 
P.O.  Box  127 
Metarie,  LA  70004 

Joseph  F.  Rynewic^ 

Lockheed  Missile  &  Space  Company 
Depart  57  26 
Bldg  ISO 

Sunnyvale,  CA  94086 

Sid  Beckowich 
Bechtel  Incorporated 
50  Beale  Street 
San  Francisco.  CA  94111 

James  h.  Jennison 
Pasadena  Laboratory 
Naval  Undersea  Center 
3202  E.  Foothill  Blvd. 

Pasadena.  CA  91107 


CAPT  E.  B.  Mitchell,  USN 
Code  OOC 

Naval  Ship  Systems  Command 
Washington,  DC  20362 

Dr.GlenBetg 

Department  of  Civil  Engineering 
University  of  Michigan 
Ann  Arbor.  Ml  48104 

Dr.  Lynn  Beedie 
Department  of  Civil  Engineering 
Lehigh  University 
Bethlehem.  PA  18015 

Mr.  Richard  Thless 
undersea  Habitat  Designers 
87  Harris  Road 
Katonah,  NV  10536 

Mr.  William  Gates 
Conrad  Associates 
14656  Oxnard  Street 
van  Nuys,  CA  91401 

Dr.  J.  O.  Stachiw 

Ocean  Technology  Department 

Code  65 

Navat  undersea  Center 
San  Diego,  CA  92132 

Or.  Bryan  Williams 

Nuclear  Branch 

Gulf  Radiation  Technology 

P.O.  Box  608 

Sar>  Diego,  CA  92112 

Mr.  Larry  Kahn 
2143  Medford  Road  ^2 
Ann  Arbor.  Ml  48104 

Terrance  J.  Dahl 
Oceanographic  Services  inc. 

5375  Ovefbass  Road 
Santa  Barbara,  CA  93105 

Dr,  R.  C.  Dehart 
southwest  Research  institute 
San  Antonio,  TX  78205 

Joseph  J.  Carroll 
Jaycon  Engineers,  inc. 

P.O.  Box  26656 
Houston,  TX  77032 

Or.  Rudolph  Szilard 
University  of  Hawaii 
2565  The  Mall 
Honolulu.  HI  96822 

CAPT  Jack  Adams 

Director  of  Public  Services-Engioeering 

Department 

C«ty  of  Cerritos 

19400  S.  Pioneer  Blvd. 

Cerritos.  CA  90701 

Dr.  Sidney  J.  Green 
Manager.  Applied  Mechanics 
Terra  Tek,  Inc. 

915  East  4th  South 
Salt  Lake  City,  UT  94102 


E-  V.  Wright 
Oravo  Corp. 

4800  Grant  Avenue 
Pittsburgh,  PA  15225 

Bob  Oversmith 

scripps  Institute  of  Oceanography 
La  Jolla,  CA  92037 

Dr.  Gene  Corely 
Manager,  Structural  Section 
Portland  Cement  Association 
S420  Old  Orchard  Road 
Skokie.  IL  60076 

Claude  Sellars,  Jr. 

Shell  Development  Corporation 
3747  Beltaire  Blvd. 

Houston.  TX  77025 

Dr.  Henning  Ottsen  (FPO*l) 
Chesapeake  Division 
Naval  Facilities  Engineering 
Command 

Washington  Navy  Yard 
Washington,  OC  20390 

Professor  D.  Pritz 
Civil  Engineering  Department 
University  of  California.  Berkeley 
Berkeley.  CA  94720 

Karl  Runge 

ESSO  Products  Research  Corp. 
P.O.  Box  2189 
Houston,  TX  77001 

Boris  Bresler 
777  Davis  Hall 

University  of  Csfiforni^,  Berkeley 
Berkeley.  CA  94720 

Robert  Cohen 
G.  E.-RESD 
Ocean  Systems  Program 
3198  Chestnut  Street 
Philadelphia,  PA  19102 

Loris  Gerber 

The  Prescon  Corporation 

P.O.  Box  2723 

Corpus  Christi,  TX  78403 

Paul  Lavoie 

Engineering  Design  &  Analysis 

Laboratory 

Kingsbury  Hall 

University  of  New  Hampshire 

Durham.  NH  03824 

Arvid  Grant 

Arvid  Grant  8>  Associates 
160C  4th  Avenue 
Olympia,  WA  96506 

Nils  D.  Olsson 
The  Prescon  Corporation 
be  Pennsylvania  Avenue 
Towson,  MO  21128 

H.  Joe  Meheen 

Meheen  Engineering  Company 
6464  W.  14th  Avenue 
Denver.  CO  80214 
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J.  Preston  Mason 

ESSO  Production  Research  Company 
Box  2189 

Houston,  TX  770001 
Ron  NordQren 

Shell  Development  Company 
P.O.  Box  481 
Houston,  TX  77001 

D.  M.  Roy 

The  Pennsylvania  State  University 
Materials  Research  Laboratory 
University  Park,  PA  16802 

Dr.  Arthur  Anderson 
Concrete  Technology  Corporation 
Port  of  Tacoma  Road 
Tacoma,  WA  98421 

Jarr>es  R.  Lloyd 

ESSO  Production  Research  Company 
P.O.  Box  2189 
Houston.  TX  77001 

S.  Clifford  Doughty 
Construction  Engineering  Service 
843  Crossway  Road 
Burlingame,  CA  94010 

Hugh  Aiken 

Marine  Concrete  Structures.  <nc. 

P.O.  607 

Metarie.  LA  70004 
John  S.  Hollett 

Global  Marine  Development  inc. 

5959  west  Century  Blvd. 

LOS  Angeles.  CA  90045 

C.  M.  Wakeman 

26803  Basswood  Avenue 

Palos  Verdes  Peninsula,  CA  90274 

A.  S.  Crandon.  Jr. 

Dravo  Corporation 
Eastern  Construction  Division 
4800  Grant  Avenue 
Pittsburgh.  PA  15225 

H.  Georgi.  President 
AB  HYDROBETONG 
Pack  100  52 
Stockholm  29.  Sweden 

Arnfinn  Jenssen.  Captain 

Norwegian  Defense  Construction  Service 

Osio-MIL 

Oslo  1,  Norway 

John  H.  Creed 

Royal  Norwegian  Council  for 
Scientific  &  Industrial  Research 
Ellingsrudveien  23C 
1400  Ski.  Norway 

Anton  Brandtzaeg 

Professor  of  Construction  &  Harbour 
Engineering 

Norwegian  Technical  University 
Trondheim,  Norway 


Dr.  J.  Dejong 

Lockheed  Petroleum  Services  Ltd. 

1  Grosvenor  Square 

New  Westminster.  B.C..  Canada 

Dr.  R.  D.  Browne 

Head  of  Materials  Research 

Laboratory 

Taylor  Woodrow  Construction 
Limited 

345  Ruislip  Road 
Southall.  Middlesex.  England 

Napolean  DeMeyer 
HAECON 
Marathonstraat  12 
9000  Gent 
Belgium 

Erode  Hansen 
Harris  &  Sutherland 
38  Whitfield  Street 
London  W1 
United  Kingdom 

Franco  Levi 

Corso  Massimo  d’Azegiio  100 

10126  Torino 

Italy 

Kurt  Eriksson 
VBB 

Box  5038 

10241  Stockholm 

Sweden 

Roger  LaCroix 
56  Fauborg  Saint*Honore 
75008  Paris 
France 

Rowland  G.  Morgan 
Department  of  Civil  Engineering 
University  of  Bristol 
Bristol  BS6  6SX 
United  Kingdom 

Odd  E.  Gjorv 

Department  of  Civil  Engineering 
Technical  University  of  Norway 
7034  Trondheim 
Norway 

J.  G.  Bodhe 
24-26  Dalai  Street 
Fort.  Bombay 
India 

B.  H.  Spratt 

Cement  &  Concrete  Association 
Wexham  Springs 
Slough  SL3  6P1 
United  Kingdom 

P.  S.  Hafskiold 
Ing.  F.  Selmer  AS 
Post  Office  Box  256 
Oslo,  Norway 

John  O.  Holst 
Elkem-Spigerverk 
Post  Office  Box  4224 
Oslo  4,  Norway 


M.  D.  Haxwell 

Sir  Robert  McAlpine  &  Sons,  Ltd. 

40  Bernard  Street 
London  WCl 
United  Kingdom 

KV.  Swaminathan 
Principal  Scientist.  Cement 
Research  Institute  of  India 
M'lO  South  Extension  11 
Ring  Road 
New  Delhi  49.  India 

K.  H.  Brittain 

Chief  Technical  Consultant-Blue 
Circle  Group 

Cement  Marketing  Company  Ltd. 
Portland  House,  Stag  Place 
London  SWl,  United  Kingdom 

Hans  Richard  Hansen 
DET  NORSKE  VERITAS 
Division  of  Marine  Technology 
P.O.  Box  6060 
Etterstud,  Oslo  6,  Norway 
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INTRODUCTION 

In  September  1971,  a  test  program 
was  started  on  concrete  spherical  struc¬ 
tures  placed  in  the  deep  ocean  for  long¬ 
term  testing.  This  report  is  the  second  in 
a  series  documenting  the  study;  pre¬ 
sented  are  the  test  results  of  the  spheres 
after  6.4  years  in  the  ocean.  The  first 
report  (Ref  1)  covered  the  fabrication, 
ocean  emplacement,  and  inspections  up 
to  1.3  years.  Details  of  the  test  program 
and  the  specimens  are  given  in  Refer¬ 
ence  1. 

The  technical  objectives  of  the  pro¬ 
gram  are  to  obtain  data  on  time-depen¬ 
dent  failure,  permeability,  and  durability 
of  the  concrete  spherical  structures. 
These  data  can  provide  a  technology  base 
from  which  engineering  guidelines  could 
be  written.  Another  important  aspect  of 
the  program  was  to  expose  the  spheres  to 
real  environmental  conditions.  The  test 
results  will  aid  considerably  in  establish¬ 
ing  confidence  and  credibility  for  con¬ 
crete  as  a  deep-ocean  construction 
material. 


BACKGROUND 

Eighteen  concrete  spheres  66  inches 
(1676  mm)  in  outside  diameter  and  4.12 
inches  (105  mm)  in  wall  thickness  were 
placed  in  the  ocean  at  depths  varying 
from  1,840  to  5,075  feet  (560  to  1,547 
m).  Sixteen  of  the  spheres  were  unrein¬ 
forced  concrete,  eight  of  which  were 
coated  on  the  exterior  with  a  phenolic 
compound  to  act  as  a  waterproofing 
agent;  the  other  eight  spheres  were  left 


uncoated.  The  remaining  two  spheres 
were  lightly  reinforced  with  0.5-inch  (13- 
mm)  diameter  steel  bars.  The  reinforcing 
bars  had  a  concrete  cover  of  1  and  2.5 
inches  (25  and  63  mm).  Half  of  the 
exterior  of  each  of  these  spheres  was 
coated  with  the  waterproofing  agent. 
The  reinforced  spheres  were  to  deter¬ 
mine  whether  corrosion  problems  exist  in 
the  deep  ocean  environment. 

The  depth  range  for  the  spheres 
corresponds  to  relative  load  levels  of 
from  0.36  to  0.83.  The  relative  load 
level,  Ps  /Pjm  >  defined  as  the  ratio  of 
sustained  pressure  to  predicted  short¬ 
term  implosion  pressure. 

Time-dependent  failure  was  exp)ec- 
ted  for  six  of  the  spheres  subjected  to 
the  highest  load  levels;  therefore,  those 
spheres  were  equipped  with  clock  mech¬ 
anisms  to  record  the  day  of  implosion.  If 
other  specimens  were  to  implode,  the 
yearly  inspections  would  discover  the 
failed  specimens. 

Permeability  data  were  gathered 
during  inspections.  The  spheres,  which 
were  approximately  1,000  pounds  (450 
kg)  buoyant,  were  tethered  30  feet  (10 
m)  off  the  seafloor  by  a  2.25-inch  (57- 
mm)  diameter  chain.  As  seawater  was 
absorbed  by  and  permeated  through  the 
concrete,  the  sphere  weight  increased. 
The  reduced  buoyancy  of  the  sphere 
meant  that  less  chain  was  suspended  off 
the  seafloor.  Therefore,  change  of  one 
chain  link  corresponded  to  0.50  cu  ft  (14 
liters)  of  seawater  being  taken  on  by  the 
sphere. 

The  concrete  mix  design  was  Type  II 
Portland  cement,  a  water-to-cement 
ratio  of  0.41,  a  sand-to- cement  ratio  of 
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1.85,  and  a  coarse-aggregate-to-cement 
ratio  of  2.28.  The  maximum  size 
aggregate  used  was  3/4  inch  (19  mm). 


INSPECTION  AND  RETRIEVAL 

The  operations  to  inspect  and 
retrieve  the  spheres  were  conducted  by 
submersibles.  The  Navy’s  deep-diving 
manned  submersibles  Turtle  and  Seacliff, 
operated  by  the  Submarine  Development 
Group  One,  were  used  in  all  but  one 
operation;  Scripps  Institution  of  Ocean¬ 
ography  used  their  Remote  Underwater 
Manipulator  (RUM)  to  conduct  an  inspec¬ 
tion  in  1972.  The  last  inspection 
occurred  in  March  1978. 

During  each  operation,  only  a 
limited  number  of  spheres  were  inspec¬ 
ted.  Those  checked  depended  on  the 
number  of  dive  days  scheduled  for  the 
submersible  and  on  weather  conditions, 
which  could  restrict  the  actual  number 
of  dives.  Hence,  some  spheres  have  been 
inspected  more  frequently  than  others 
(Figure  1).  Sphere  no.  6  has  not  been 
inspected  as  yet.  Table  1  summarizes  the 
data  obtained  during  the  inspections. 

Spheres  no.  15  and  17  show  chain 
link  counts  (the  number  of  links  suspen¬ 
ded  off  the  seafloor)  that  increased  with 
time  in  the  ocean.  This  increase  in  chain 
link  count  was  due  to  inaccuracies  in 
counting  links.  Turbidity  sometimes 
obscured  the  links  near  the  seafloor, 
making  it  difficult  for  the  submersible 
operators  to  get  an  accurate  count.  Also, 
the  submersible  operators  were  changed 
with  each  dive,  which  caused  variations 
in  the  data  collection  procedure.  More 
reliable  data  have  been  obtained  during 
recent  inspections  because  chain  link 
counts  were  sometimes  taken  two  and 
three  times  as  a  check. 


During  the  sixth  inspection  in 
3anuary  1977,  Spheres  No.  11,  12,  and  13 
were  recovered  after  5.3  years  in  the 
ocean.  Two’of  the  spheres  had  a  water¬ 
proof  coating  and  were  retrieved  from 
depths  of  2,635  and  3,140  feet  (803  and 
957  m).  The  other  sphere  was  uncoated 
and  was  retrieved  from  a  depth  of  2,790 
feet  (851  m). 

The  submersible  Seacliff  made  a 
separate  dive  to  retrieve  each  sphere.  A 
reel  containing  6,000  feet  (2,000  m)  of 
1/2-inch  (13-mm)  nylon  line  was  attached 
to  the  front  end  of  the  submersible.  A 
large  steel  hook  was  connected  on  the 
end  of  the  line.  Using  a  manipulator,  the 
Seacliff  attached  the  hook  to  the 
Sphere's  tether  chain  and  then  payed-out 
the  line  as  it  surfaced.  At  the  water 
surface,  the  line  was  buoyed  with  a 
marker.  The  CEL  warping  tug  was  then 
employed  to  reel  in  the  line  and  recover 
the  sphere  (Figure  2).  Each  sphere  was 
subsequently  wrapped  in  wet  burlap  and 
plastic  sheet  to  prevent  it  from  drying 
out. 

A  surface  inspection  of  the  spheres 
revealed  tube  worms  and  a  grass-like 
animal  growth  on  the  coated  spheres  as 
well  as  a  few  small  anemones  and  a 
grouping  of  small  scallops.  The  concrete 
surfaces,  whether  coated  or  uncoated, 
had  considerably  less  grass-like  growth 
than  the  steel  chains  (Figure  3).  Figures 
4  and  5  show  a  close-up  view  of  the 
exteriors  for  a  coated  and  uncoated 
sphere. 

These  spheres  were  subsequently 
tested  in  the  laboratory  where  they 
provided  data  on  the  actual  quantity  of 
water  permeating  to  the  inside  of  the 
spheres,  the  short-term  implosion 
pressure  and  strain  behavior  of  preloaded 
spheres,  and  the  chemical  compounds 
present  in  the  concrete. 
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Inspection  No.  3 
(Dec  1972,  431  days) 


Inspection  No.  4  .  k, 

^  _  InspecTion  No. 

'  (Oct  1974,  1,120 

776  days) 


1.58 

0 

.5 

1,38 

24.5 

1 

1 

1. 

16  t'ncoared 

17  Half-  ! 

coated 

18  Half- 
coated 


Original  number  of  links  off  seafloor  calculated  from  known  weights  of  components. 


Based  on  3%  by  weight  absorption  to  saturate  the  concrete. 


New  chain  count  based  on  retrieved  sphere  data. 


Fxtra  shackle  found  on  retrieved  chain  which  changed  number  of  links  from  Reference  1 . 
Actual  quantity  of  permeated  water  was  1.24  ft^. 


Table  1.  Sphere  Inspection  Data 


Inspection  No.  3 
(Dec  1972.431  days) 


Inspection  No.  4 
(Nov  1973, 
776  davs) 


Inspection  No.  5 
(Oct  1974.  1,120  days) 


Inspection  No.  6 
(Jan  1977. 

1 .945  days) 


Inspection  No.  7 
(Mar  1978. 
2,355  davs) 


No.  of 
Chain 

Links 

Off 

Seafloor 
_ i 

r 

No.  of 

Permeated  1  Cham 
Water  Links 

(ft^)  Off 

,  Seafloor 

Permeated 

1  Water 

1 

No.  of 

Chain 

Links 
i  Off 

Seafloor 

Permeated 

Water 

(ft^ 

No.  of 

Chain 

Links 

Off 

Seafloor 

Permeated 

Water 

(ft^ 

No.  of  1 
Chain 

Links 

Off 

Seafloor 

Permeated 

Water 

(ft^ 

1 

1 

!  j 

i 

Imploded 
.No  count* 

1 

27 

0 

•sphere  intact 


No  count* 
No  count* 


•Sphere  intact 
•Sphere  intact 
j  Not  inspected  to  date 


Imploded  i 
Intact,  I 
but  on 
bottom^ 
Chain 
tangled* 


•Sphere  flooded,  probably 
from  leak 

•Chain  tangled;  could 
not  count  links 


1.58  I 
0  [ 


1,38  I  24.5  1  1.38 


•Retrieved  during 
Inspection  No.  6 
•Retrieved  during 
Inspection  No.  6^ 


•Retrieved  during 
Inspection  No.  6 


Figure  1.  Sphere  no.  12  shown  after  1  year  in  the  ocean  at  2,790  feet  (850  tn). 
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Figure  3.  Uncoated  concrete  block  had  considerably  less  grass-like  growth 
than  the  steel  chain. 
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grass-like  growth  more  visible.  A  technician  is  col-  the  tubeworms  more  visible.  The  grass-like  growth 

lecting  scallop  samples.  is  visible  on  the  white  numerals. 


RESULTS  AND  DISCUSSION 
Concrete  Strength  Gain 

The  compressive  strength  of  con¬ 
crete  after  curing  in  the  ocean  for  1-3 
and  5.3  years  was  obtained  from 
uncoated  concrete  blocks  that  were 
attached  to  the  chain  of  the  spheres 
(Figure  3).  The  block  size  was  14  x  18  x 
18  inches  (356  x  457  x  457  mm),  from 
which  four  6  x  12-inch  (152  x  305-mm) 
cores  were  drilled.  The  uniaxial  com¬ 
pressive  strength  of  the  cores  was  com¬ 
pared  to  that  of  6  X  12-inch  (152  x  305- 
mm)  cast  cylinders  made  from  the  same 
batch  of  concrete  and  cured  under  con¬ 
tinuous  fog  room  conditions.  The 
strength  was  also  compared  to  that  of 
cn-land  cured  concrete  blocks  located 
about  150  feet  (50  m)  from  the  shoreline. 
These  blocks  were  the  same  size  as  those 
in  the  ocean,  and  test  specimens  were 
cored  from  the  blocks.  The  compressive 
strength  results  are  presented  in  Table  2. 

A  strength  differential  has  been 
observed  to  occur  between  cast  and 
cored  specimens  of  the  same  concrete 
due  to  the  effect  of  drilling.  The  com¬ 
pressive  strength  of  the  core  specimens 
in  this  study  was  increased  by  7%  so  that 
it  would  be  equivalent  to  that  of  the  cast 
specimens.  (Past  data  supporting  the 
strength  adjustment  are  given  in 
Appendix  A).  Table  2  presents  both  the 
measured  strength  of  the  core  specimens 
and  the  adjusted  strength.  The  following 
analysis  of  strength  data  is  based  on  the 
adjusted  strengths. 

The  compressive  strength  gain  of 
concrete  in  the  different  curing  environ¬ 
ments  is  presented  graphically  in  Figures 
6  through  9.  Relative  strengths  are 
shown  where  the  common  denominator  is 
the  28-day  fog-cured  strength.  This 
strength  had  a  nominal  value  of  8,000  psi 
(55  MPa).  Reference  1  did  not  give  the 
coefficients  of  variation  of  the 


compressive  strengths  for  spheres  at  28 
days  and  at  the  time  of  emplacement; 
these  data  are  now  given  in  Appendix  B. 
At  5.6  years  of  age,  the  continuously 
fog-cured  concrete  showed  a  relative 
strength  of  1.35  (coefficient  of  variation 
was  5.2%).  The  on-land  field-cured 
concrete  showed  a  relative  strength  of 
1.32  (coefficient  of  variation  was  8.0%), 
and  the  ocean-cured  concrete  a  relative 
strength  of  1.15  (coefficient  of  variation 
was  9.5%). 

The  data  from  the  on-land  field- 
cured  concrete  are  interesting  but 
difficult  to  discuss  because  the  con¬ 
crete's  actual  moisture  content  varied 
with  time.  The  compressive  strength  of 
dry  concrete  is  greater  than  that  of 
equivalent  wet  concrete  by  an  average  of 
20%  (Ref  2,  3).  The  degree  of  dryness, 
i.e.,  the  relative  humidity  of  the  environ¬ 
ment  with  which  concrete  is  in  equilibri¬ 
um,  also  influences  the  compressive 
strength.  For  our  case,  the  equilibrium 
relative  humidity  was  not  known.  At  5.6 
years,  spring  was  starting  after  a  drought 
year.  However,  because  of  the  proximity 
of  the  concrete  blocks  to  the  ocean,  the 
environmental  relative  humidity  was  high 
(100%)  most  evenings. 

Samples  were  dried  in  an  oven  to 
obtain  an  indication  of  how  much 
absorbed  water  the  on-land  concrete  had 
in  comparison  to  the  fog-  and  ocean- 
cured  concrete.  These  data  are  given  in 
Appendix  C.  As  expected,  the  on-land 
concrete  contained  less  moisture  than 
either  the  fog-cured  or  ocean-cured  con¬ 
crete.  It  is  likely  that  if  the  on-land 
concrete  were  soaked  in  water  for 
several  days  prior  to  uniaxial  testing,  the 
compressive  strength  would  have 
decreased.  The  amount  of  the  decreases 
would  have  been  an  estimated  5  to  15%. 

Figure  10  shows  a  constructed 
relationship  between  relative  strength 
and  total  age  for  the  fog-  and  ocean- 
cured  concrete.  The  strength  gain 
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behavior  for  the  fog-cured  concrete  is 
consistent  with  existing  knowledge.  How¬ 
ever,  the  strength  gain  behavior  for  the 
ocean-cured  concrete  is  unusual  and 
needs  discussion. 

When  a  mass  of  concrete  the  size  of 
a  control  cylinder  is  placed  in  the  ocean 
under  high  hydrostatic  pressure,  water 
fills  the  larger  size  voids  within  a  period 
of  several  days.  The  smaller  size  voids 
become  filled  over  a  much  longer  time 
period.  For  example,  6  x  12-inch  (152  x 
305-mm)  cylinders  under  a  pressure  head 
of  550  feet  (168  m)  were  still  absorbing 
water  after  84  days  (Ref  4).  Saturated 
concrete,  that  is,  concrete  whose  voids 
are  mostly  filled  with  water,  has  been 
found  previously  to  have  a  strength 
reduction  of  10%  compared  to  companion 
unsaturated  concrete.  This  strength 
reduction  was  observed  from  two 
different  types  of  tests:  (1)  specimens 
were  exposed  to  a  pressure  head  of  1,125 
feet  (343  m)  for  7  days  and  then  tested 
under  uniaxial  compression  in  a  labora¬ 
tory  environment  (Ref  1,  5);  and  (2) 
specimens  were  placed  under  a  pressure 
head  of  20,000  feet  (6,096  m)  for  60  days 
and  then  loaded  axially  while  in  the 
hydrostatic  environment  (if  the  concrete 
was  totally  saturated,  which  was  the 
assumed  condition,  then  this  test  was  a 
uniaxial  compression  test)  (Ref  4).  The 
cause  of  these  strength  reductions  was 
most  likely  from  pore  pressure  buildup. 
During  uniaxial  loading,  the  water  pres¬ 
sure  in  some  of  the  pores  rose  slightly, 
thereby  placing  an  additional  component 
of  tensile  strain  within  the  specimen  that 
reduced  the  tensile  strength  in  the  radial 
direction  and,  consequently,  reduced  the 
compressive  strength  in  the  axial  direc¬ 
tion. 

In  Figure  10,  when  concrete  speci¬ 
mens  were  placed  in  the  ocean,  a 
decrease  in  strength  of  about  10% 
occurred.  At  1.6  years,  ocean-cured  con¬ 
crete  showed  a  compressive  strength 
that  was  still  less  than  the  28-day  fog- 
cured  strength.  Two  alternative  paths 


are  shown  in  estimating  the  relationship 
between  the  time  the  concrete  was 
placed  in  the  ocean  and  1.6  years.  For 
the  lower  path,  which  intersects  the 
datum  point  at  1.6  years,  the  initial 
strength  reduction  when  placed  in  the 
ocean  had  to  be  greater  than  10%.  The 
higher  path  assumes  that  the  data  at 
time  0.25  years  to  be  accurate  and  those 
at  1.6  years  to  be  a  "low"  result.  The 
data  at  1.6  years  are  from  one  concrete 
block,  producing  four  cores  with  a 
coefficient  of  variation  of  4.0%. 

At  5.6  years,  the  cement  was  com¬ 
pletely  hydrated  for  both  the  fog-cured 
and  ocean-cured  concrete  as  determined 
from  x-ray  diffraction  analysis  of  the 
concrete.  Hence,  the  rate  of  strength 
gain  of  the  concrete,  or  the  slope  of  the 
curve,  should  be  zero.  However,  strength 
changes  could  be  occurring  due  to  other 
chemical  composition  changes. 

Also,  at  5.6  years,  the  ocean-cured 
concrete  showed  a  compressive  strength 
15%  less  than  that  of  the  fog-cured 
concrete.  This  strength  reduction  had  to 
be  due  to  a  different  reason  than  satura¬ 
tion  effect  because  at  this  advanced  age, 
both  the  fog-  and  ocean-cured  concretes 
are  known  to  be  saturated  (Ref  4). 
Therefore,  the  cause  for  the  lower 
strength  of  the  ocean-cured  concrete  as 
compared  to  the  fog-cured  concrete  can 
be  speculated  as  mainly  due  to  the 
presence  of  seawater.  Magnesium  ions  in 
seawater  replace  some  of  the  calcium 
ions  in  calcium  silicate  hydrate  (tobor- 
morite  gel).  This  causes  the  formation  of 
magnesium  silicate  hydrate,  which  is 
more  brittle  than  calcium  silicate 
hydrate  (Ref  6).  Specimens  of  pure 
cement  paste  are  required  in  order  to 
determine  the  presence  of  magnesium 
silicate  hydrate  with  a  scanning  electron 
microscope.  Hence,  these  concrete 
samples  could  not  be  tested  for  magnesi¬ 
um  silicate  hydrate.  Appendix  D  presents 
an  extension  to  the  sphere  program 
which  will  provide  data  so  that  the 
phenomenon  of  magnesium  ions  replacing 
calcium  ions  can  be  studied. 
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Table  2.  Compressive  Strength  Test  Results 
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continued 


Table  2.  Continued 
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igure  6.  Compressive  strength  gain  of  concrete  exposed  to 
continuous  fog  curing. 
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Each  point  is  avg  of  four  cores. 

Core  strength  was  adjusted  to  represent 
that  of  cast  cylinders. 
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Figure  7.  Compressive  strength  gain  of  concrete  exposed  to 
on-land  field  curing  after  initial  28-day  fog  curing. 
Location  was  about  150  feet  from  ocean. 
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Figure  8.  Compressive  strength  gain  of  concrete  exposed  to  ocean  curing 
conditions  after  initial  28-day  fog  cure  and  2  to  5  months  of 
on-land  curing. 
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Figure  9.  Compressive  strength  gam  of  concrete  in  different  environments. 
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Figure  10.  Relative  compressive  strength  of  fog-cured  and  ocean-cured  concrete. 


It  can  also  be  speculated  that  the 
cold  temperature  environment  of  the 
ocean  had  a  small  effect  on  retarding 
full  development  of  strength  gain.  The 
ocean  temperature  was  40F  (4C), 

whereas  the  fog  room  environment  was 
73F  (22. 8C).  Discussion  of  the  long-term 
effect  of  a  continuous  40F  (4C)  curing 
environment  was  not  found  in  the  litera¬ 
ture.  Lorman  (Ref  7)  gave  limited  test 
results  on  concrete  that  set  and  cured 
under  seawater  at  47F  (8.3C)  compared 


to  that  in  a  73F  (22. 8C)  fog  environment. 
After  28  days,  the  concrete  in  the  cold 
environment  showed  a  compressive 
strength  that  was  approximately  10% 
less  than  the  control  concrete. 

The  important  findings  from  the 
data  are;  (1)  the  ocean-cured  concrete 
required  1  to  2  years  in  the  ocean  before 
regaining  a  strength  equal  to  its  28-day 
fog  strength;  and  (2)  within  the  time 
period  of  up  to  5.3  years,  the  strength  of 
the  concrete  in  the  ocean  was  15  to  20% 
less  than  that  of  continuously  fog-cured 
concrete. 


These  findings  raise  a  question  as  to 
the  applicability  of  "concrete  strength 
increases  with  age"  as  generally 
accepted  (Ref  8).  Massive  offshore 
structures  are  typically  fabricated  in  a 
seawater  environment.  If  saturation  is 
considered  to  occur,  then  the  following 
interim  guide  can  be  used  for  strength 
gain  with  age.  The  initial  28-day  fog- 
cured  strength  should  be  reduced  by  10% 
to  account  for  saturation  effects.  Subse¬ 
quent  in-situ  strength  increases  with 
time  may  depend  on  the  depth  at  which 
the  concrete  is  located.  Depth  is  impor¬ 
tant  because  it  can  influence  the  degree 
of  saturation.  At  present,  data  are 
available  at  depths  of  a  few  thousand 
feet.  For  this  case,  the  strength  increase 
relative  to  the  28-day  fog-cured  strength 
appears  to  be  nil  at  1  year,  5%  at  2 
years,  and  15%  at  5  years. 

For  cases  where  the  concrete  is  at  a 
depth  of  a  few  hundred  feet,  it  is  hard  to 
estimate  the  strength  gain  behavior. 
First,  it  is  unknown  how  much  of  the  wall 
thickness  will  become  saturated.  It  could 
take  months  for  several  feet  of  thickness 
to  become  saturated.  If  the  interior  of 
the  structure  were  to  be  at  a  relative 
humidity  of  less  than  100%,  the  concrete 
would  never  become  saturated.  How¬ 
ever,  some  of  the  concrete  would  be 
saturated  near  the  outside  wall,  and  that 
portion  would  exhibit  a  strength  dif¬ 
ferent  from  that  not  saturated.  As  a 
guide,  the  compressive  strength  should 
be  reduced  by  10%  to  account  for  satura¬ 
tion  effects;  then  it  is  probably  reasona¬ 
ble  to  permit  a  strength  increase  of  10% 
at  6  months  and  15%  at  12  months.  These 
values  are  conservative  from  the  on-land 
increase  factors  of  20%  at  6  months,  and 
24%  at  12  months. 

Numerous  cylinders,  both  cast  and 
cored,  were  instrumented  with  strain 
gages  to  determine  the  elastic  modulus 
and  Poisson's  ratio  of  the  concrete. 
Table  3  summarizes  the  data,  and 
Figures  11  through  14  show  the  stress- 


strain  curves.  The  behavior  of  cored 
cylinders  is  presented  as  raw  data,  i.e.,  it 
has  not  been  adjusted  for  drilling  effect. 
The  concretes  were  all  linear  up  to  about 
0.5  fj-.  The  elastic  modulus  of  ocean- 
cured  concrete  was  30%  less  than  that  of 
the  continuously  fog-cured  concrete. 
Although  the  elastic  modulus  was  not 
determined  for  fog-cured  concrete  at  the 
age  of  28  days,  it  is  reasonable  to 
assume,  based  on  data  from  similar 
concrete  (Ref  5),  that  the  elastic 
modulus  of  the  ocean-cured  concrete  did 
not  change  significantly  from  that  of  the 
28-day  fog-cured  specimens. 

Short-Term  Loading  of  Spheres 

Implosion.  The  three  spheres 
retrieved  from  the  ocean  were  returned 
to  the  Laboratory  for  short-term  loading 
tests.  These  tests  were  conducted  in  a 
pressure  vessel  where  the  external 
hydrostatic  pressure  was  increased 
steadily  until  implosion. 

While  in  the  ocean,  these  spheres 
were  subjected  to  a  sustained  load  of 
about  50%  their  short-term  ultimate 
strength  for  a  period  of  5.3  years.  In 
previous  work  (Ref  5)  identical  speci¬ 
mens  were  tested  under  short-term 
loading  where  the  specimens  were  not 
exposed  to  the  long-term  preloading. 
Table  4  shows  the  results  from  both 
types  of  short-term  tests,  with  and  with¬ 
out  preload.  Table  5  summarizes  the 
results. 

For  the  uncoated  spheres,  the  pre- 
loaded  sphere  showed  a  decrease  in 
implosion  strength  of  about  8%  compared 
to  that  of  the  non-preloaded  spheres. 
The  compressive  strength  of  the 
saturated  concrete  was  fairly  well- 
defined  for  these  tests.  For  the  coated 
spheres,  the  preloaded  spheres  showed  an 
increase  in  implosion  strength  of  about 
5%  compared  to  that  of  the  non- 
preloaded  spheres.  The  actual  increase 
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Table  1.  Elastic  Moduli  and  Poisson  s  Ratio  Data 


{Test  specimen  size  was  6x12  inches  (152  x  305  mm)) 


Type  of 
Specimen 

Total  Age 

Main  Curing 
Environment 

Type  of 
Cylinders 

-  . 

No.  of 
Specimens 

Elastic 

Modulus, 

E 

(psi  X  10*^) 

Poisson’s 

Ratio. 

u 

Fog-cured 

5.6  yr 

100%  RH:  73“F 

cast 

24 

5.33 

0.21 

Ocean-cured 

5.6  yr 

(includes  initial  28  days 
in  fog  room  and  then  2  to 

5  mo  of  on-land  field  cur¬ 
ing  150  ft  from  shoreline) 

ocean  depth, 

2,400  to  3.200 
ft;  40°F 

core 

15 

3.77* 

0.24 

On*land 

5.6  yr 

(includes  initial  28  days 
in  fog  room) 

150  ft  from 
shoreline 

core 

16 

4.21* 

0.22 

90  days 

(includes  initial  28  days 
in  fog  room) 

400  ft  from 
shoreline  in 
a  building 

cast 

2 

4.12 

_ 

^Elastic  modulus  determined  from  unadjusted  core  data. 


in  implosion  strength  may  have  been 
greater  than  the  reported  5%  due  to  not 
defining  as  accurately  the  conipressive 
strength  for  the  preloaded  spheres  as  for 
the  other  cases.  The  coated  spheres  from 
the  ocean  had  relatively  dry  concrete.  To 
obtain  a  compressive  strength  of  dry 
concrete,  the  on-land  concrete  blocks 
were  used.  The  evaporabie  moisture  con¬ 
tent  of  the  on-land  blocks  was  2.7%  by 
weight,  which  was  less  than  the  3.5%  by 
weight  moisture  content  for  the  coated 
sphere  wall  (Appendix  B).  Hence,  the 
compressive  strength  listed  in  Table  U 
for  Spheres  no.  11  and  13  may  be  a  little 
greater  than  the  actual  strength  of  the 
concrete  in  the  sphere  wall.  If  this 
potential  error  was  corrected,  the  effect 
would  be  to  increase  the  Pjm/f  c  ratio  for 
the  coated  preloaded  spheres. 

Table  5  shows  that  for  non-pre- 
loaded  spheres  the  dry  concrete 
specimens  had  an  implosion  strength  only 


slightly  greater  than  that  for  the  satura¬ 
ted  concrete  specimens.  However,  for 
the  preloaded  spheres,  the  dry  concrete 
specimens  were  at  least  14%  stronger 
than  the  saturated  concrete  specimens. 
This  difference  in  strength  will  be 
discussed  in  the  next  section. 

The  implosion  data  are  limited. 
When  the  implosion  strengths  of  dry  and 
saturated  preloaded  specimens  (Pim/^c^ 
0.299)  were  averaged  and  compared  to 
those  of  the  non-preloaded  spheres 
(Pjm/^c  =  0.304),  it  was  found  that  the 
overall  effect  of  preloading  the  spheres 
to  a  stress  level  of  about  50%  their 
ultimate  strength  for  5.3  years  was  quite 
small. 

Views  of  the  imploded  spheres  are 
shown  in  Figures  15  through  18.  The 
visual  damage,  in  terms  of  fragmenta¬ 
tion,  is  rather  mild  in  comparison  to  non- 
preloaded  specimens  and,  in  particular, 
to  specimens  that  have  imploded  in  the 
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Figure  1 1 .  Uniaxial  compressive  tests  of  continuously  fog-cured  concrete  for  5 .6  years. 


Figure  12.  Uniaxial  compressive  tests  of  ocean-cured  concrete  for  5.6  years. 


Hoop  Direction  Strain  (*jin.yin.)  Axial  Direction 

Figure  1  3.  Uniaxial  compressive  -ests  of  on-land  field-cured  concrete  for  5.6  years. 


Figure  14.  Uniaxial  compressive  tests  of  on-land  field-cured 
concrete  for  90  days  (from  Ref  5). 
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Table  4.  Short-Term  Loading  Results  of  Concrete  Spheres 


- 1 

Description 

— 

Sphere 

Designation 

Concrete 

Condition^ 

Preload 

Pressure 

(psi) 

Uniaxial 
Compressive 
Strength, 
f'  (psi) 

Implosion 

Pressure, 

Pim 

Ratio, 

l*im 

fc 

Elastic 

Modulus 

of 

Sphere 

Wall, 

E 

(psi  X  10^) 

Spheres 

11 

dry 

9,200^^ 

2,970 

0.323 

5.05 

preloaded 

saturated 

1,245 

9,960*^ 

2,750 

0.276 

5.20  ; 

in  the 

ocean  foi 

5.3  yr 

■ 

dry 

1,175 

9,760^ 

3,115 

0.319 

5.05 

Non-preloadcd 

CDS-l 

dry 

0 

9,250 

2,860 

1^ 

n 

spheres 

CDS-2 

dry 

0 

9,120 

2,755 

(after 

CWS-3 

saturated 

0 

7,960 

2,500 

WBM 

Reference  5) 

C\VS-4 

saturated 

0 

7,660 

2,205 

_ 

IB 

^Dry  concrete  corresponds  to  coated  spheres,  and  saturated  concrete  corresponds  to  uncoated  spheres. 

'’b  X  12-inch  (152  x  305-mm)  cylinders  cored  from  on-land  field-cured  concrete  blocks  prepared  from 
concrete  used  m  spheres. 

*■6  X  12-inch  (152  X  305-mm)  cylinders  cored  from  the  ocean-cured  concrete  block  attached  to 
Sphere  No.  12. 


Table  5.  Summary  of  Short-Term  Loading  Results 


Implosion  Pressure  to  Compressive  Strength  Ratio,  P.  /f  . 

for  Spheres  ^ 

Spheres 

Coated 
(dry  concrete) 

Uncoated 

(saturated  concrete) 

Preloaded^ 

0.321 

0.276 

Non-Preloaded 
(after  Ref  5) 

0.306 

0.301 

^Spheres  tested  in  a  pressure  vessel. 
^In  the  ocean  for  5.3  yr. 
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ocean.  The  zones  of  failure  for  Spheres 
no.  JJ  and  12  (Figures  15  and  16) 
appeared  to  be  from  crushing  of  concrete 
and  were  more  localized  than  for  the 
non-preloaded  spheres.  Sphere  no.  13 
showed  a  failure  zone  (Figures  17  and  18) 
that  was  more  typical  of  the  non- 
preloaded  spheres.  A  shear-compression- 
type  failure  mode  for  a  section  of  wall 
was  evident  for  about  50  inches  (130  mm) 
in  length. 

The  spheres  that  imploded  in  the 
ocean  were  found  totally  fragmented.  In 
a  pressure  vessel,  once  failure  of  a 
sphere  began,  the  pressure  load  dropped 
off  rapidly.  This  did  not  occur  in  the 
ocean,  and,  hence,  a  sphere  was 
subjected  to  extremely  violent  shock 
forces  when  the  water  collapsed  the 
walls.  Figure  19  shows  the  debris  on  the 
seafloor  for  Sphere  no.  1  that  imploded 
at  a  depth  of  5,075  feet  (1,547  m). 

Strain  Behavior.  Strain  behavior  for 
the  spheres  tested  in  the  pressure  vessel 
was  monitored  by  measuring  the  quantity 
of  water  displaced  from  the  interior  of 
the  sphere  while  under  load.*  A  change 
of  interior  volume  is  a  direct  function  of 
the  change  in  radius,  and  the  change  in 
radius  is  a  direct  function  of  hoop  strain. 
The  displaced  water  was  measured  to  an 
accuracy  of  +10  ml,  which  converted  to  a 
strain  accuracy  of  +2  in. /in.  This  is 
applicable  only  when  membrane  displace¬ 
ments  account  for  most  of  the  change  in 
volume.  Near  failure,  displacements  due 
to  flat-spot  development  can  contribute 
significantly  to  the  displaced  water. 

Figure  20  shows  the  raw  data  of 
pressure  versus  displaced  water  for  the 
spheres.  Other  scales  show  the  wall 


stress  and  strains.  A  similar  presentation 
of  results  is  given  in  Figure  21  for  the 
non-preloaded  spheres  (after  Ref  5). 
The  dry  concrete  spheres  were  able  to 
withstand  about  20%  more  ultimate 
strain  than  the  saturated  spheres  before 
imploding. 

It  was  quite  apparent  from  the  data 
that  saturated  concrete  behaved 
differently  than  dry  concrete.  However, 
at  this  time,  data  do  not  exist  on  the 
stress-strain  behavior  of  concrete 
control  cylinders  that  are  saturated  and 
uniaxially  loaded  while  in  a  hydrostatic 
pressure  environment.  This  sphere  test 
program  (Figures  20  and  21)  provides  the 
first  data  thut  show  saturated  concrete 
under  hydrostatic  pressure  does  not 
perform  as  well  as  similar  dry  concrete. 

Table  4  lists  the  stiffness,  or  elastic 
modulus,  for  the  walls  of  the  spheres. 
The  average  modulus  value  fog  the  three 
ocean  spheres  was  5.1  x  lO'’  psi  (35.2 
GPa);  for  the  non-preloaded  spheres,  it 
was  4.4  X  10°  psi  (30.3  GPa).  This 
difference  was  due  to  the  effect  of  the 
preload  and  is  a  well-known  effect  of 
concrete  creep  (Ref  8).  For  5.3  years 
the  concrete  in  the  ocean  spheres  experi¬ 
enced  creep  under  a  wall  stress  of  about 
5,000  psi. 

Concrete  creep  and  a  triaxial 
loading  condition  explains  why  the 
modulus  of  5.1  x  10^  psi  (35.2  GPa)  for 
the  wall  of  the  preloaded  sphere  was 
greater  than  that  given  in  Table  3  for  the 
ocean-cured  concrete  block,  where  the 
modulus  was  3.77  x  10^  psi  (26.0  GPa). 
The  concrete  block  in  the  ocean  was  not 
stressed  like  the  sphere  wall;  it  was 
saturated  with  seawater  and  in  a  state  of 
equilibrium  with  the  environment. 


♦This  technique  was  used  in  Reference  5  with  excellent  results;  the  same 
procedures  were  applied  in  these  tests. 
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Figure  15.  Post-implosion  view  of  Sphere  no.  11. 


Figure  16.  Post-implosion  view  of  Sphere  no.  12. 
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Figure  17.  Post -implosion  view  of  Sphere  no.  13. 


Figure  18.  This  view  of  Sphere  no.  1 3  is  typical  of  post-implosion  for  non-preloaded 
spheres.  The  missing  concrete  was  pushed  to  the  interior  of  the  sphere. 
Shear-compression  plane  runs  from  equator  to  above  the  numeral  1  3. 
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Figure  19.  Debri  on  the  seafloor  after  Sphere  no.  1  imploded  at  a  depth  of  5,075  feet.  The  submersible’s 
manipulator  arm  is  seen  at  the  top  of  the  photograph,  and  the  dark  area  under  the  arm  is 
vegetation-like  growth. 
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Conversion,  1  ft^  =  5,780  Min-Zin. 


Displaced  Water  (ft^) 

Figure  20.  Displaced  water  versus  pressure  for  short-term  implosion  of  preloaded  spheres. 
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Wall  Stress  (psi) 


Long-Term  Loading  of  Spheres 

Of  the  original  eighteen  spheres  in 
the  ocean,  three  spheres  have  imploded 
at  depth.  The  time-to-failure  for  each  of 
the  spheres  has  had  to  be  estimated 
because  the  clocks  contained  in  two  of 
them  have  not  been  found.  Sphere  no.  3 
evidently  imploded  on  descent  to  the 
seafloor  at  4,330  feet  (1,320  m)  because 
the  concrete  fragments  were  widely 
scattered.  Spheres  no.  1  and  7  had  a 
time-to-failure  that  was  between  the 
beginning  of  the  test  and  the  day  of  their 
first  inspection.  For  these  specimens  the 
concrete  fragments  were  in  a  localized 
area. 

Detailed  data  for  these  spheres  and 
the  other  spheres  still  intact  on  the 
seafloor  are  given  in  Table  6.  This  table 
also  shows  the  calculations  for  the  rela¬ 
tive  load  level,  i.e.,  the  ratio  of 
sustained  pressure  to  the  predicted 
implosion  pressure,  Ps/Pim  )  each 
sphere.  The  relative  load  level  for  the 
spheres  changed  between  the  beginning 
of  the  test  and  the  5.3-year  period  as  the 
concrete  became  stronger  with  time. 
Using  data  from  Figure  7  for  dry  con¬ 
crete  and  Figure  8  for  saturated 
concrete,  the  28-day  fog  cure  compres¬ 
sive  strength  was  adjusted  to  estimate 
the  strength  at  5.6  years. 

The  long-term  loading  failure 
behavior  for  the  ocean  spheres  is  shown 
in  Figure  22.  Data  from  spheres  tested  in 
a  pressure  vessel  (Ref  5)  are  also  pre¬ 
sented  in  Figure  22  and  summarized  in 
Table  7.  The  results  of  Stockl  (Ref  9) 
are  shown  by  an  average  data  curve 
which  represents  hundreds  of  tests  on 
uniaxially  loaded  specimens.  With  two 
exceptions,  the  sphere  results  are  in 
agreement  with  Stockl’s  findings.  From 
his  data,  it  appears  that  the  safe  relative 
load  level  is  about  0.75. 

Stockl  presented  an  interesting  dis¬ 
cussion  on  long-term  loading.  When  a 
structure  is  initially  placed  under 


sustained  load,  the  creep  behavior  of 
concrete  causes  degradation  of  strength 
by  forming  microcracks.  At  the  same 
time,  in  the  presence  of  moisture,  hydra¬ 
tion  of  cement  causes  a  strengthening  of 
the  concrete.  Long-term  loading  to 
failure  occurs  when  microcracks  from 
creep  progress  at  a  faster  rate  than 
strengthening  from  cement  hydration. 
Since  creep  effects  slow  down  with  time, 
strength  gain  from  cement  hydration  has 
a  chance  to  catch  up  and  overtake  the 
creep-induced  strength  reductions.  The 
rate  of  cement  hydration  is  dependent 
upon  the  amount  of  free  cement 
available  within  the  concrete  before  it  is 
placed  under  sustained  load.  The 
practical  significance  of  this  condition  is 
that  once  the  "critical  duration  of  load" 
is  over  and  hydration  strengthening 
occurs  at  a  faster  rate  than  creep 
damage,  the  specimen  will  never  fail 
from  creep.  The  critical  duration  of 
sustained  load  can  be  days  when  applied 
to  young  concrete  and  years  for  old 
concrete.  For  the  spheres  in  the  ocean, 
the  critical  duration  of  load  was  probably 
on  the  order  of  months.  Hence,  according 
to  Stockl,  any  sphere  that  has  not  failed 
after  5.3  years  under  sustained  load 
should  not  fail  in  the  future. 

In  Figure  22,  for  Sphere  no.  1  (5,075 
feet)  and  Sphere  no.  7  (3,725  feet)  the 
time-to-failure  is  shown  as  a  dashed  line. 
The  datum  point  for  the  spheres  was 
plotted  at  10  days  as  a  conservative 
estimate.  For  Sphere  no.  3  (4,330  feet),  a 
wide  scatter  of  fragments  on  the 
seafloor  indicated  that  the  specimen 
failed  during  descent. 

A  valuable  supplement  to  the  failure 
data  was  the  results  from  the  spheres 
that  had  not  failed.  Figure  23  shows  the 
relative  load  levels  for  the  spheres  in  the 
ocean  that  are  still  intact.  Stockl's  curve 
is  shown  to  lie  above  the  data.  The 
relative  load  levels  experienced  by  the 
spheres  in  the  ocean  are  shown  to 
decrease  with  time  as  the  strength  of 
concrete  increases. 
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Tabic  6.  Summary  of  Long-Term  (.oading  Data  From  Spheres  Tested  in  Ocean 
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•e  22,  Time  to  failure  of  concrete  spheres  under  long-term  hydrostatic  loading. 


66-in. -OD  Spheres  in  the  Ocean 
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Sustained  Pressure  (days) 


Table  7.  Summary  of  Long-Term  Loading  Data  From  Spheres  Tested  in  Pressure  Vessel  (after  Ref  5) 


Sphere 

No. 

Condition 

of 

Concrete 

Sustained 

Pressure, 

Ps 

(psi) 

Uniaxial 

Compressive 

Strength,^ 

fc 

(psi) 

Predicted 

Implosion 

Pressure,^ 

pP 

‘  im 
(psi) 

Relative 

Load 

Level, 

Is 

Time  to 
Failure 
(day) 

Comment 

CWL-5B 

wet 

2,280 

7,900 

2,395 

0.95 

0.14 

(200  min) 

CWL-6 

wet 

1,670 

6,740 

2,040 

0.82 

41.82 

Test  intentionally 
terminated 

CWL-7 

wet 

1,940 

7,170 

2,170 

0.89 

0.06 
(90  min) 

CWL-8 

wet 

1,845 

7,210 

2,185 

0.84 

0.47 

(680  min) 

CWL-9B 

wet 

1,905 

7,440 

2,255 

0.84 

3.77 

CDL-10 

dry 

2.405 

9,420 

2,855 

0.86 

0.19 

(270  min) 

CDL-11 

dry 

2,065 

7,940 

2,415 

0.85 

20.92 

Test  intentionally 
terminated 

^Strength  given  for  weaker  hemisphere, 
b  P 

Pjjj,  =  0.303  f^  obtained  from  short-term  loading  tests. 


Permeability 

Table  1  gives  the  change  in  number 
of  chain  links  suspended  off  the  seafloor 
by  the  spheres.  The  change  in  link  ..ount 
was  due  to  a  loss  of  buoyancy  by  the 
spheres  because  of  weight  gain  from 
water  absorption  and  permeability.  The 
loss  of  buoyancy  was  converted  to  a 
volume  of  seawater  taken  on  by  the 
spheres. 

Total  water  intake  by  a  sphere 
included  the  quantity  of  seawater 
absorbed  by  the  concrete  and  permeated 
through  the  wall.  The  quantity  of 
seawater  absorbed  by  the  concrete  was 
calculated  by  assuming  3%  by  weight 


absorption.  Three  percent  absorption 
was  determined  for  identical  concrete  by 
extrapolating  data  obtained  at  550  feet 
(i68  m)  pressure  head  for  86  days  (Ref 
4)  to  a  time  period  of  3  years  when  it  was 
estimated  that  absorption  was  complete. 

For  Sphere  no.  12,  which  was 
uncoated,  it  was  predicted  from  the 
chain  link  count  that  the  interior 
contained  1.38  cu  ft  (39  liters)  of  water. 
The  actual  measured  volume  of  water 
was  1.24  cu  ft  (35  liters).  This  close 
prediction  of  the  actual  permeated 
seawater  not  only  indicates  the  3%  by 
weight  absorption  is  a  fair  estimate,  but 
also  that  the  initial  calculations  of  the 
original  number  of  chain  links  suspended 
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off  the  seafloor  was  accurate.  In  Refer¬ 
ence  1  concern  was  expressed  that  the 
original  number  of  links  off  the  seafloor 
could  be  in  error  by  +1.5  links  (equivalent 
to  0.73  cu  ft  or  21  liters).  With  the  data 
from  Sphere  no.  12,  it  is  now  known  that 
that  error  estimate  was  too  high.  A  new 
estimate  of  error  is  +0.5  link  (0.24  cu  ft 
or  7  liters),  which  is  also  the  error 
estimate  between  different  inspections. 

Figure  24  shows  the  relationship 
between  total  water  intake  and  time  in 
the  ocean  for  all  of  the  spheres  (except 
Spheres  no.  17  and  18,  which  were  half 
coated)  where  chain  link  count  data  were 
obtained.  The  coated  spheres  do  not  show 
any  evidence  of  having  permeated  water. 
This  case  is  known  to  be  true  for  Spheres 
no.  11  and  13.  The  coated  spheres  range 
in  depth  from  2,440  to  4,875  feet  (744  to 
1,486  m). 

The  waterproof  coating  appeared 
quite  effective.  This  was  an  unanticipa¬ 
ted  finding,  because  the  coating  was  not 
a  complete  barrier.  Pin-holes  or  "fish- 
eye"  openings  existed  in  the  coating.  The 
coating  also  bridged  air  pockets  in  the 
wall  near  the  surface;  these  locations 
had  the  coating  broken  because  the 
water  pressure  pushed  the  coating  into 
the  air  pocket.  Water  definitely  had 
access  to  the  concrete  wall  through 
these  openings. 

When  a  hole  was  drilled  in  the  walls 
of  Spheres  no.  i  1  and  1 3,  the  concrete 
was  found  to  be  quite  dry  in  appearance. 
It  is  apparent  that  the  pin-hole  openings 
became  watertight  with  time.  Continued 
hydration  of  cement,  microorganisms, 
and  chemical  changes  were  probably 
some  of  the  causes  for  the  concrete 
becoming  watertight.  Whatever  the 
mechanism,  it  can  be  speculated  that  it 
was  functioning  in  the  uncoated  concrete 


too.  From  Figure  24,  it  is  shown  that,  in 
general,  the  uncoated  concrete  spheres 
became  watertight.  In  less  than  1  year, 
the  uncoated  spheres  absorbed  (and 
permeated)  water  at  a  faster  rate  than 
the  coated  spheres.  However,  after  1 
year  the  additional  water  intake  was 
quite  small. 

One  method  of  analyzing  permeabil¬ 
ity  results  is  to  apply  D'Arcy's  viscous 
flow  equation.  For  a  sphere,  this 
equation  can  be  expressed  as:* 

Q  t 

•^c  "  T  A^  h 

s 

where  K  =  permeability  coefficient, 
ft/sec  (m/sec) 

Q  =  quantity  of  permeated 
P  seawater,  ft^  (rn^) 

T  =  time  (sec) 

t  =  wall  thickness,  ft  (m) 

A  =  interior  surface  area, 

"  ft2  (m2) 

h  =  pressure  head,  ft  (m) 

D'Arcy's  theory  assumes  to  be 

constant  with  time.  However,  the 
permeability  results  from  the  spheres 
show  that  Kc  decreases  with  time.  To 
account  for  the  change  in  rate  of  Kf-,  a 
secant  K^.  is  utilized.  This  is  analogous 
to  the  secant  modulus  of  elasticity  for 
nonlinear  materials  such  as  .,oncrete. 

In  Figure  25  the  secant  values 

are  shown  as  a  function  of  time  in  the 
ocean.  Data  from  two  spheres  tested  in  a 
pressure  vessel  for  up  to  42  days  are 
included.  These  spheres  were  similar  to 
the  ones  in  the  ocean.  It  is  interesting 


♦This  expression  is  different  from  that  given  in  References  1  and  5  because 
As  is  now  defined  as  the  interior  surface  area  and  not  as  mentioned  previously 
as  the  exterior  surface  area.  This  revised  equation  will  give  Kc  values  30.6% 
greater  than  the  previous  equation. 
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Time  in  ■.)cean  (yr) 

Figure  24.  Total  water  intake  for  spheres  in  the  ocean  for  long  time  periods. 


that  extrapolations  of  the  pressure  vessel 
test  results  yield  results  close  to  the 
actual  values  obtained  from  the  spheres 
in  the  ocean. 

The  data  from  the  spheres  compared 
moderately  well  with  results  from 
Powers  et  al.  vRef  10)  who  studied 
cement  pastes.  The  water-to-cement 
ratio  for  the  pastes  varied  from  0.3  to 
0.7,  and  the  measured  values  (initial 
tangent  Kc  )  ranged  from  0.3  x  lO'^^to 
400  X  lO'f^  ft./sec  (0.1  x  to  120  x 

10"^^  m/sec),  respectively. 

For  a  water-to-cement  ratio  of  0.4, 
which  was  equivalent  to  that  for  the 
concrete  in  the  spheres,  Power's  results 
showed  a  Kc  of  about  3.3  x  10'*^  ft/sec 


(1.0  X  10-^^m/sec).  This  was  an  order  of 
magnitude  lower  than  that  for  the  con¬ 
crete  in  the  spheres  tested  in  the  pres¬ 
sure  vessels.  Powers  did  not  discuss  any 
indication  of  permeability  results 
decreasing  with  time,  as  was  found  in 
this  study. 

Durability 

Samples  of  5.6-year-old  concrete 
from  the  ocean  spheres,  both  coated  and 
uncoated,  and  from  the  on-land  and 
continuously  fog-cured  cylinders  were 
analyzed  by  x-ray  diffraction  techniques 
by  Prof.  Mehta  at  the  University  of 
California  at  Berkeley.  He  determined 
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Time  in  Ocean  (days) 


Figure  25.  Permeability  of  uncoated  spheres  expressed  as  secant  versus  time. 


the  chemical  composition  of  the  cement 
pastes;  his  report  is  given  in  Appendix  E. 
All  samples  showed  that  the  cement 
compounds  were  hydrated.  The  samples 
also  showed  that  substantial  amounts  of 
calcium  hydroxide  were  present,  which 
indicates  the  hardened  cement  pastes 
were  undamaged.  No  evidence  was 
present  of  harmful  chemical  compounds. 
The  ocean  concrete  remained  essentially 
unaltered  from  the  fog-cured  concrete. 


FINDINGS 

1.  Concrete  that  was  placed  in  the  ocean 
decreased  in  compressive  strength  by  at 
least  10%  due  to  saturation.  A  time 
period  of  from  1  to  2  years  in  the  ocean 
was  required  to  regain  a  strength  equal 
to  that  of  the  28-day  fog-cured  strength. 

2.  After  5.3  years  in  the  ocean,  concrete 
showed  a  compressive  strength  that  was 
15%  greater  than  its  28-day  fog-cured 
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strength.  However,  this  strength  was  still 
15%  less  than  companion  concrete  con¬ 
tinuously  fog-cured. 

3.  Three  spheres  were  retrieved  from  the 
ocean  where  they  had  been  exposed  to  a 
preload  of  50%  of  their  ultimate  strength 
for  5.3  years.  These  preloaded  spheres 
were  tested  in  the  laboratory  under 
short-term  loading  and,  in  general, 
behaved  similarly  to  that  of  non-pre- 
loaded  spheres.  Whether  preloaded  or 
non-preloaded,  the  saturated  (uncoated) 
concrete  spheres  had  a  tendency  to  fail 
at  lower  pressures  than  those  of  dry 
(coated)  concrete  spheres. 

4.  Three  of  the  original  eighteen  spheres 
have  imploded  in  the  ocean  under  long¬ 
term  loading.  The  remaining  spheres 
have  withstood  load  levels  of  0.3  to  0.8 
of  their  predicted  short-term  strength. 

5.  The  permeability  of  concrete  in 
uncoated  spheres  has  shown  a  decrease  in 
rate  with  time  and,  in  several  cases,  the 
permeation  of  seawater  through  the 
concrete  wall  has  stopped  Coated 
(waterproofed)  spheres  remained  dry  on 
the  interior. 

6.  X-ray  diffraction  analysis  of  the  fog- 
cured  and  ocean-cured  concrete  has 
shown  the  5.3-year  ocean-cured  concrete 
-  whether  coated  or  uncoated  -  to  be 
essentially  unchanged  from  the  fog-cured 
concrete. 


SUMMARY 

After  6.4  years  in  the  ocean,  the 
long-term  test  on  concrete  spheres  at 
deep  ocean  depths  has  demonstrated 
several  important  factors  that  will  result 
in  design  criteria  for  undersea  concrete 
structures.  Those  items  are  listed  in  the 
Findings  section  above.  To  summarize: 


(1)  the  compressive  strength  of  concrete 
decreased  slightly  due  to  becoming 
saturated  with  seawater,  (2)  the  rate  of 
strength  gain  with  time  for  concrete  in 
the  deep  ocean  was  slower  than  that  for 
concrete  cured  in  a  standard  fog  room, 
(3)  spheres  exposed  to  a  load  50%  of 
their  short-term  strength  for  5.3  years 
behaved  in  a  manner  similar  to  that  of 
spheres  that  were  not  exposed  to  a  long¬ 
term  load,  (4)  twelve  spheres  are  still  in 
the  ocean  and  are  withstanding  pressure 
loads  that  range  from  1,840  to  4,875  feet 
(560  to  1,486  m),  (5)  the  permeability  of 
uncoated  concrete  was  quite  low,  (6)  if 
complete  watertightness  is  desired,  a 
waterproof  coating  was  found  to  be 
effective,  and  (7)  the  durability  of 
concrete  in  the  deep  ocean  was  found  to 
be  excellent. 

The  results  from  this  study  show 
undersea  concrete  structures  to  behave 
exceptionally  well  at  deep  ocean  depths. 
The  strength,  permeability,  and 
durability  of  the  spheres  are  within  or 
exceed  engineering  acceptability  limits. 
Confidence  in  using  concrete  for 
undersea  structures  is  substantiated  and 
enhanced  by  the  results  of  this  ocean 
test.  The  test  is  continuing,  and  addi¬ 
tional  data  will  be  forthcoming. 
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Appendix  A 


EFFECT  OF  DRILLING  CORES  ON 
COMPRESSIVE  STRENGTH 


It  is  generally  known  that  the  com¬ 
pressive  strength  of  core  specimens 
obtained  from  a  structure  is  usually  less 
than  that  of  standard  laboratory  cast 
cylinders.  This  observation  is  the  result 
of  many  influencing  parameters,  one  of 
which  is  the  effect  of  drilling  the  core 
specimens.  Other  parameters  are:  curing 
environment,  size  of  core  specimen,  and 
direction  of  coring  compared  to  casting 
(to  name  a  few).  The  specific  topic  of 
drilling  effect  had  not  been  directly 
addressed  in  past  studies.  However, 
investigations  by  Bloem  (Ref  11)  and 
Campbell  and  Tobin  (Ref  12)  gave  data 
suitable  for  estimating  the  drilling 
effect. 

Both  investigations  used  concrete 
slabs  that  had  provisions  for  making  and 
curing  cast  cylinders  as  part  of  the  slab. 
At  the  time  of  test,  the  cast  cylinders 
were  removed  from  the  slab,  and  then 
core  specimens  of  the  same  size  as  the 
cast  cylinders  were  drilled  from  the  slab. 

The  Bloem  study  used  plastic  inserts 
that  were  set  in  the  slab  to  make  the 


cast  cylinders;  these  were  subsequently 
"pushed-out."  Both  the  cast  and  cored 
cylinders  were  soaked  for  40  hours  prior 
to  testing  to  insure  similar  moisture 
contents.  The  Campbell  and  Tobin  study 
used  concrete  having  two  cement  con¬ 
tents,  5.33  and  7.33  sacks  per  cu  yd.  Cast 
cylinders  were  made  in  metallic  molds 
and  then  placed  in  holes  in  the  slab.  The 
cast  and  cored  cylinders  were  soaked 
prior  to  testing. 

The  uniaxial  compressive  strength 
data  of  select  test  runs  are  given  in 
Table  A-1.  The  observed  effect  of 
drilling  is  to  reduce  the  strength  of  the 
cast  cylinders  by  a  factor  of  0.93.  For 
this  report,  the  inverse,  1.07,  is  the 
factor  to  increase  the  strength  of  cored 
specimens  so  that  they  become 
equivalent  to  cast  cylinders. 

This  factor  of  1.07  was  in  close 
agreement  with  that  of  Murphy  (Ref  13) 
who  mentioned  a  factor  of  1.06  but  did 
not  present  test  results  or  the 
background  source. 
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Table  A-1 .  Compressive  Strength  Data  on  Effect  of  Drilling  Cores 


Investigator 

Size  of 
Specimen 
(in.) 

- 1 

Type  of 
Cement 

No.  of 
Specimens 

Compressive 
Strength 
at  28  Days 
for  Standard 
Laboratory 
Conditions, 
f^  (psi) 

Test 

Age 

(days) 

.Compressive 

Strength, 

(psi)  for  — 

Core/Cast 

Coefficient 

of 

Variation 

(%) 

Cast 

Cylinders 

Cores 

Bloem 

4x6 

Type  I 

3,730 

■H 

(Ref  11) 

3 

3 

1.700 

3 

7 

2,290 

3 

28 

3,040 

mSm 

3 

91 

»fn9 

3,370 

BBS 

3 

364 

3,450 

3,025 

BH 

avg  0.954 

bb 

4x6 

Type  111 

5,490 

■i 

3 

3,710 

3,250 

3 

HI 

3,770 

3,510 

BH 

3 

Km 

4.160 

3,640 

BH 

3 

H| 

4,440 

4,130 

3 

4,270 

3,500 

BH 

m 

avg  0.886 

5.2 

4x0 

Type  III 

4,150 

BB 

3 

1 

2.980 

2,770 

3 

3 

3.110 

BH 

3 

7 

3,280 

mm 

3 

28 

3.340 

0.916 

3 

91 

3,540 

3,180 

0.898 

3 

364 

3,390 

2,850 

0.841 

avg  0.907 

3.9 

Campbell 

6x12 

Type  11 

4,515 

■n 

■i 

and  Tobin 

4 

28 

BH 

(Ref  12) 

4 

56 

mm 

4 

84 

mm 

4,095 

BH 

im 

avg  0.931 

5.8 

6j£  1 2 

Type  II 

5,870 

jHH 

4 

28 

5,280 

5,345 

4 

56 

5.460 

5,39" 

4 

84 

6.000 

5  '  ./5 

_ 

avg  0.983 

3.2 

overall  avg  0.932 
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Appendix  B 

EARLY  COMPRESSIVE  STRENGTH  DATA  OF  SPHERES 


Table  B-1  lists  the  uniaxial  compres-  Table  A-2  on  Concrete  Control  Cylinder 
sive  strength  data  for  all  the  spheres  in  a  Data.  This  new  table  includes  the  coeffi- 
manner  similar  to  that  in  Reference  1,  cients  of  variation. 


Table  B-1 .  Early  Compressive  Strength  Data  of  Spheres 


1  Each  compressive  strength  value  is  average  of  three  6  x  12-in.  (152  x  305-mm)  cast  cylinders.) 


28-Day  Fog  Cure 


Compressive 

Strength,  f’  . 

,  ^  Variation 


Prior  to  Ocean  Emplacement 


Coefficient  Compressive  Coefficient  Compressive  Coefficient 
Strength,  Strength 

Variation  of  Wet  Variation  of  Dry  Variation 

Concrete  Concrete 

(psi)  (psi) 


Appendix  C 

MOISTURE  CONTENT  OF  CONCRETE  SAMPLES 


Tests  were  conducted  on  concrete 
fragments  from  ocean-cured  spheres  and 
blocks,  on-land-cured  blocks,  and  fog- 
cured  cylinders  to  determine  the  relative 
free  moisture  contents  associated  with 
the  different  curing  environments. 
These  data  were  obtained  by  drying 
specimens  in  a  50%  RH,  70F  environment 
for  U  months  and  then  at  130F  (55C)  for 
3  weeks.  The  data  are  presented  in  Table 
C-1  and  Figure  C-1. 

Moisture  contents  for  the  continu¬ 
ously  fog-cured  cylinders,  ocean-cured 
blocks,  and  uncoated  ocean-cured  sphere 
were  similar.  The  concrete  in  the  coated 
ocean-cured  sphere  had  a  lower  moisture 
content,  and  the  on-land  field-cured 
block  had  a  still  lower  moisture  content. 

The  moisture  content  of  the  con¬ 
crete  in  the  coated  spheres  represents 
the  condition  of  the  concrete  after  the 
spheres  were  tested  in  the  pressure 
vessel.  The  spheres  in  the  ocean 
probably  had  a  lower  moisture  content. 
This  conclusion  can  be  presented  because 
of  an  observation  made  during  test.  Prior 


to  tests  in  the  pressure  vessel,  the 
interior  volume  of  the  sphere  was  filled 
with  water  for  the  purpose  of  measuring 
the  change  in  volume  of  the  sphere 
during  pressurization.  The  interior  sur¬ 
face  of  the  sphere  was  not  coated.  For 
Sphere  no.  1 3,  the  specimen  had  water  in 
its  interior  for  about  16  hours,  at  which 
time  it  was  observed  that  additional 
water  had  to  be  added  to  completely  fill 
the  interior  again.  A  certain  quantity  of 
water  was  absorbed  by  the  dry  concrete 
before  the  test.  For  Sphere  no.  11,  water 
was  in  contact  with  the  dry  concrete  for 
only  about  4  hours. 

In  addition  to  drying  some  samples, 
other  samples  from  the  ocean-cured 
blocks  and  coated  sphere  wall  were 
saturated  in  a  pressure  vessel.  When  the 
water  gained  was  added  to  the  water 
lost,  the  total  water  content  for  the 
blocks  was  about  5.13%  by  weight,  and 
for  the  coated  sphere  wall,  it  was  about 
5.55%  by  weight.  The  average  water 
content  was  5.34%  by  weight,  which 
represents  an  average  void  volume  in  the 
concrete  of  12.5%. 
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Table  C-1.  Moisture  Content  of  Concrete 


Samples 

in  Original  Condition 

Samples  in  Original  Condition  Dried-Out  by  — 

Environmental 
Condition 
for  Concrete 
Samples 

at  15,000  Psi  for  7  Days 

50%  RH,  70°F  for  4  Months 

Additional  3  Weeks  at  130^F 

Water 

Gain 

(%  by  wt) 

No. 

of 

Samples 

Coefficient 

of 

Variation 

(%) 

Water 

Loss 

(%  by  wt) 

No. 

of 

Samples 

Coefficient 

of 

Variation 

(%) 

No. 

of 

Samples 

Coefficient 

of 

Variation 

(%) 

On*land  field- 
cured  for  5.6  yr 

■| 

Interior  of 
blocks 

_ 

- 

- 

0.87 

12 

21.8 

2.61 

12.3 

Exterior  of 
blocks 

— 

— 

~ 

1.78 

4 

27.5 

2.76 

B 

16.7 

Fog-cured  for 

5.6  yr 

Ocean-cured 
for  5,3  yr 

2.47 

18 

8.9 

4.37 

18 

8.0 

Blocks 

(uncoated) 

0.83 

2 

56.6 

2.83 

8 

4.2 

4.72 

10 

5.5 

Coated 
sphere  wall 

1.61 

4 

9.9 

1.85 

4 

9.2 

3.52 

8 

8.6 

Uncoaced 
sphere  wall 

2.58 

2 

3.9 

4.27 

2 

1.2 
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Moisture  lx)ss  (%  weight  of  concrete) 


On'Land  On-Land  Coated  Fog-Cured  Uncoated  Ocean 

Field-Cured.  Field-Cured,  Sphere  Sphere  Cured 

Interior  of  Exterior  of  Block 

Block  Block 

Figure  C-l.  Moisture  content  of  concrete. 


43 


f 


I 


ApF>endix  D 

CEMENT  PAS » SAMPLES  PLACED  IN  THE  OCEAN 


To  study  the  phenomenon  of  magne¬ 
sium  ions  replacing  calcium  ions  in 
tobormorite  gel,  small  neat  cement  pas,.e 
samples  were  mounted  on  the  chain  of 
Spheres  no.  15  and  16  on  7  Mar  1978.  Ten 
samples  were  placed,  five  at  each 
sphere.  The  samples  were  1  inch  in 
diameter  by  2  inches  long  (25  x  51  mm). 
They  were  suspended  from  a  steel  bar 
that  was  hooked  onto  the  sphere  chain. 
The  samples  were  hung  from  insulated 
electrical  cables  about  1.5  feet  (0.5  m) 
below  the  bar.  Each  cable  contained  a 
plug-in  type  connector  (Figure  D-1).  In 
the  future  to  retrieve  a  sample,  a 
submersible  can  use  its  manipulators  to 
disconnect  the  plug. 


The  cement  paste  samples  were  pre¬ 
pared  on  1  Oan  1978  by  Professor  P.  K. 
Mehta  of  the  University  of  California  at 
Berkeley.  The  paste  was  made  of  Type  II 
Portland  cement  having  a  water-to- 
cement  ratio  of  0.60.  The  relatively  high 
water-to-cement  ratio  was  used  to 
create  a  higher-than-normal  porosity. 
The  samples  were  made  using  a 
technique  that  prevented  bleeding. 

The  chemical  composition  for  the 
cement  is  given  in  Table  D-1. 
Comparison  samples  to  those  in  the 
ocean  were  placed  in  a  fog  room 
environment  at  CEL  and  the  University 
of  California  at  Berkeley. 


Table  D-] .  Chemical  Composition  of 
Portland  Cement 


Chemical 

Percent 

SiOj 

22.36 

AI2O3 

3.75 

FejOs 

2.10 

CaO 

65.89 

MgO 

1.77 

SO3 

2.29 

C3S 

63.5 

C2S 

16.3 

C3A 

6.4 

C4AF 

6.4 

2 

Blaine,  cm  /g 

4,800 
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Figure  D-1.  Arrangement  for  suspending  cement  samples  from  chain  of  Spheres  no.  15  and  16 


Appendix  E 

MICROSTRUCTURE  EXAMINATION  OF  CONCRETE 


by 

Prof.  P.  K.  Mehta 
University  of  California,  Berkeley 


The  results  of  a  microstructure 
examination  of  the  concrete  samples 
listed  in  Table  E-1  are  summarized 
below. 

Aggregate  pieces  from  the  concrete 
were  carefully  separated  as  much  as 
possible  before  crushing  and  grinding  the 
remainder  of  the  sample  for  x-ray 
diffraction  analysis.  All  x-ray  diffraction 
analysis  work  was  conducted  at  UO  kV,  35 
mA  Cu  ka . 

There  was  no  evidence  of  unhydra¬ 
ted  cement  compounds  in  any  of  the 
specimens.  This  showed  that  the  cement 
was  more  or  less  completely  hydrated. 
All  the  samples  showed  substantial 
amounts  of  calcium  hydroxide,  thus 
indicating  that  the  hardened  cement 
pastes  were  undamaged  in  every  case. 
Since  large  peaks  due  to  quartz  and 


feldspar  emanating  from  sand  were  also 
present,  it  was  not  possible  to  make  any 
estimate  of  the  relative  quantities  of 
calcium  hydroxide  in  the  different 
specimens.  Concrete  samples  no.  A,  B, 
and  C  showed  small  peaks  due  to  ettrin- 
gite.  In  no  case  were  peaks  large  enough 
to  draw  any  conclusions.  Concrete 
sample  no.  A  (piece  from  wall  of  sphere 
no.  12)  differed  only  in  one  respect  from 
the  others.  It  showed  two  small  peaks, 
2.54  A  and  2.16  A,  which  are  possibly  due 
to  the  presence  of  calcium  carboalumi- 
nate  hydrates.  However,  these  peaks  are 
not  very  large,  and  all  major  peaks  due 
to  carboaluminate  hydrates  were  not 
present.  Therefore,  it  is  concluded  that 
the  concrete  has  remained  essentially 
unaltered. 
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Table  E-1.  Concrete  Samples  for  Microstructure  Examination 


Sample 

No. 

Sample  Description 

Curing 

History 

A 

Piece  of  uncoated  wall  from  hemisphere 

W-32,  which  was  part  of  Sphere  no.  12. 

5.3  yr  at  2,790  ft 
in  the  ocean 

B 

Piece  of  concrete  block  that  was  attached 
to  Sphere  no.  12.  Concrete  was  from  same 
batch  as  that  of  hemisphere  W-32. 

5.3  yr  at  2,790  ft 
in  the  ocean 

C 

Piece  of  control  cylinder  that  corresponded 
to  hemisphere  W-32. 

Fog  curing,  100% 
RH,73‘^Ffor5.6  yr 

D 

Piece  of  concrete  block  that  remained 
exposed  to  on-land  field  conditions.  Concrete 
was  from  same  batch  as  that  of  hemisphere 

W-29  (other  hemisphere  to  Sphere  no.  12). 

Field-cured  on  land, 

150  ft  from  ocean 
for  5.6  yr 

E 

Piece  of  coated  wall  from  hemisphere 

W-26,  which  was  part  of  Sphere  no.  13. 

5.3  yr  at  2,635  ft 
in  the  ocean 

U8 
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CHAPTER  1 .  INTRODUCTION 


1.1  OBJECTIVE 

This  report  sunmarizes  the  development  of  concrete  pressure- 
resistant  structures  for  ocean  applications  and  presents  the  results  in 
the  form  of  design  guides.  Specifically,  the  emphasis  is  on  designing 
concrete  spherical  and  cylindrical  structures  to  withstand  implosion 
failure  caused  by  uniform  external  hydrostatic  pressure  loading.  Most 
portions  of  the  design  approach  are  based  on  experimental  data,  which 
have  been  obtained  from  laboratory  and  ocean  testing  of  model  concrete 
structures  over  the  past  two  decades.  Some  portions  do  not  have  experi¬ 
mental  support  for  the  design  approach;  however,  in  those  cases,  extra¬ 
polations  of  the  test  results  have  been  made  in  conjunction  with  theory 
to  give  the  reader  a  method  for  predicting  failure  that  has  a  quasi- 
empirical  background.  This  has  been  done  as  an  alternative  to  a  purely 
theoretical  analysis. 

The  portions  based  on  experimental  studies  have  been  substantially 
improved  in  this  revised  handbook  by  incorporating  additional  experi¬ 
mental  data  and  other  information  obtained  in  the  10  years  since  the 
"Handbook  for  Design  of  Undersea,  Pressure-Resistant  Concrete  Struc¬ 
tures,"  was  first  published  in  1976.  This  is  in  keeping  with  the 
original  plan  to  update  the  handbook  from  time-to-time  as  new  informa¬ 
tion  became  available.  The  revisions  are  included  in  several  ways.  For 
example,  information  on  the  uniaxial  compressive  strength  behavior  of 
concrete  subjected  to  long  term  (to  10.5  years)  sustained  pressure  load¬ 
ing  in  the  ocean,  and  the  behavior  of  saturated  concrete  as  affected  by 
pore  pressure  are  presented  as  new  sections  in  Chapter  2.  In  Chapter  3 
an  improved  method  to  design  cylindrical  structures  is  presented  along 
with  simplified  design  guidelines,  for  exai^le  Figure  3.S.  In  Chapters  3 
and  4,  additional  data  are  entered  in  the  curves. 
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This  handbook  was  prepared  as  part  of  the  Vavy’s  Deep  Ocean  Technology 
Program  sponsored  by  the  Naval  Sea  Systems  Command  and  the  Naval 
Facilities  Engineering  Command. 


1 . 2  BACKGROUl.T) 

In  1966,  small  model  concrete  spheres  were  tested  under  hydrostatic 
loading  to  experimentally  determine  implosion  pressures  as  compared  to 
theoretically  predicted  pressures.  The  results  were  impressive;  for 
concrete  having  a  uniaxial  compressive  strength  of  10,000  psi,  the  aver¬ 
age  circumferential  compressive  stress  in  the  sphere  wall  at  implosion 
was  12,500  psi.  This  25%  higher  strength  at  failure  was  due,  not  to  any 
change  in  the  concrete  material  strength  properties,  but  rather  to  the 
geometrical  configuration,  a  sphere,  and  the  loading  condition,  external 
hydrostatic  pressure.  Specifically,  the  increase  in  failure  strength 
was  the  result  of  the  lateral  confining  stresses  caused  by  the  multi- 
axial  compressive  loading  effects  on  the  wall  of  the  sphere  as  compared 
to  the  uniaxial  loading  condition  of  the  concrete  control  specimens 
(6-  X  12-inch  cylinders).  It  was  evident  from  these  exploratory  tests 
that  concrete  could  perform  well  in  pressure-resistant  undersea  struc¬ 
tures  . 

Further  studies  were  conducted  on  spheres  and,  later,  on  cylinders 
(Ref  1  through  17).  The  ultimate  objectives  of  the  investigations  were 
to  determine  the  maximum  depth  in  the  ocean  that  concrete  structures 
could  be  safely  used  and  to  develop  design  guides.  The  results  demon¬ 
strated  the  feasibility  of  near  neutrally  buoyant  concrete  structures, 
having  an  overall  safety  factory  of  three,  at  depths  to  3,000  feet  for 
spheres  and  1,500  feet  for  cylinders.  Greater  depths  are  possible  if 
concretes  having  a  compressive  strength  greater  than  10,000  psi  are  used 
or  if  negatively  buoyant  structures  are  designed. 

During  the  past  15  years,  offshore  concrete  structures  have  been 
used  for  oil  production  platforms  and  storage  facilities  in  the  North 
Sea.  This  activity  has  demonstrated  the  economics  and  reliability  of 
using  concrete  in  the  ocean. 
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Because  of  the  offshore  activity,  concrete  societies  around  the 
world  have  comnitted  much  effort  to  defining  the  state-of-the-art  and 
developing  recommended  standards  of  practice  for  concrete  ocean  struc¬ 
tures  (Ref  18) .  The  work  of  these  societies  will  not  be  repeated 
herein.  As  noted  this  report  deals  with  the  special  loading  case  of 
externally  applied  hydrostatic  pressure.  These  results  have  application 
to  concrete  floating  vessels,  offshore  platforms,  and  submerged  struc¬ 
tures.  In  addition,  hydrostatic  pressure  loading  is  a  major  design  load 
for  deep  mine  shafts  and  tunnels,  and  even  buried  structures  subjected 
to  blast  overpressures. 

Concrete's  history  is  not  devoid  of  examples  of  submerged  pressure- 
resistant  structures.  Today  many  underwater  transportation  tunnels 
built  of  concrete  are  in  operation.  A  notable  example  is  the  BART 
transbay  tube  in  San  Francisco  that  is  3.5  miles  long  and  located  in 
water  120  feet  deep.  Interestingly,  research  related  to  this  report  has 
shown  that  concrete  cylinder  structures,  such  as  transportation  tubes, 
can  be  used  to  depths  10  times  this  state-of-the-art  depth. 

Very  large  offshore  concrete  platforms  have  been  built  since  1973 
for  the  oil  industry  in  the  North  Sea.  These  structures  rest  on  the 
seafloor  with  base  sections  over  300  feet  wide  and  extend  above  the  sea 
surface  with  towers  having  a  total  height  of  some  500  feet.  The  base 
sections  are  composed  of  multiple  cells,  each  cell  about  60  feet  across 
and  150  feet  high.  During  construction  the  cells  are  employed  as 
pressure-resistant,  buoyancy  chambers  that  withstand  pressure  beads  of 
up  to  300  feet.  During  service  the  cells  are  used  as  oil  storage  and 
seawater  ballast  chambers. 

Potential  applications  in  support  of  military  operations  are  sea¬ 
floor  storage  of  fuels,  long-term  environmental  data-gathering  stations, 
and  possibly  target  submarines.  Feasibility  studies  have  been  conducted 
on  fuel  storage  facilities  (Ref  19)  and  target  submarines  (Ref  20).  The 
target  submarine  study  showed  that  a  pressure-resistant  hull  of  concrete 
would  cost  60%  that  of  a  similar  steel  hull. 
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CHAPTER  2.  DESIGN  CONSIDERATIONS 


The  design  methods  presented  in  this  handbook  apply  to  spherical 
and  cylindrical  pressure-resistant  structures  subjected  to  hydrostatic 
loading,  that  is,  to  external  pressure  applied  normal  to  the  outside 
surface  of  the  spheres  and  cylinders  (including  both  the  sides  and  the 
ends  of  the  cylinders). 

This  loading  places  the  wall  of  the  structures  in  a  state  of  multi- 
axial  compression  where  the  inner  surface  of  the  wall  is  in  bi-axial 
compression  and  all  other  portions  of  the  wall  are  in  tri-axial  compres¬ 
sion.  For  cylinders,  the  circumferential  (hoop)  stress  is  the  largest, 
the  longitudinal  (axial)  stress  is  less,  and  the  radial  (across  the 
wall)  stress  is  the  smallest  and  varies  from  zero  at  the  internal  sur¬ 
face  to  the  same  stress  level  as  the  applied  pressure  at  the  external 
surface.  In  a  sphere  the  circumferential  stresses  are  the  same  in  all 
great  circle  directions  and,  again,  the  smaller  radial  stress  varies 
across  the  wall  from  zero  to  the  ambient  applied  pressure. 

The  applied  external  pressure  is  assumed  to  be  uniform  in  all 
directions  and  at  all  locations  on  the  outer  surface  of  the  structure. 
That  is,  the  difference  in  hydrostatic  head  at  the  top  and  at  the  bottom 
of  the  structure  is  small  compared  to  the  average  hydrostatic  head  and 
so  is  neglected. 

Although  the  dead-weight  of  the  structure  itself  is  an  important 
factor  in  computing  the  buoyancy  of  a  structure,  it  is  not  included  in 
the  stress  calculations  in  these  guidelines  since  it  is  considered  to  be 
small  compared  to  the  pressure  loading.  This  was  the  actual  situation 
in  the  test  programs  that  produced  the  data  on  which  the  design  guide¬ 
lines  are  based.  Thus,  these  guidelines  can  be  used  for  design  of 
concrete  structures  in  which  the  total  pressure  is  a  factor  of  20  or 
greater  than  the  pressure  difference  between  the  top  and  bottom  of  the 
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structure.  These  guidelines  do  not  apply  directly  to  cases  in  which  the 
top-to-bottom  pressure  difference  is  a  large  percentage  (10%  or  more)  of 
the  total  pressure,  for  example,  the  case  of  a  large  structure  in  rela¬ 
tively  shallow  water.  In  such  situations  these  guidelines  are  useful 
but  must  be  combined  with  other  approaches  to  account  for  the  nonsym¬ 
metry  of  loading. 

The  design  guidelines  in  this  handbook  are  presented  in  equations 
and  charts.  These  guidelines  provide  an  initial  estimate  of  the  size  of 
a  structure  for  a  given  depth.  Advanced  design  and  analysis  techniques 
must  be  used  to  complete  a  final  design,  but  these  techniques  need  to 
start  from  given  dimensions.  This  handbook  provides  design  aids  to 
quickly  determine  the  near  final  dimensions.  It  is  recommended  that, 
once  a  structure  is  sized  by  these  aids  and  meets  the  design  require¬ 
ments,  a  detailed  analysis  (such  as  a  finite  element  analysis)  be 
conducted.  The  analysis  should  assume  a  realistic  out-of-round  geometry 
and  take  into  account  any  significant  loadings  due  to  dead-weight  dis¬ 
tribution,  pressure  differentials,  live  loads,  etc.;  it  should  also 
model  the  inelastic  behavior  of  concrete  materials. 


2.1  CONCRETE  MATERIALS 

2.1.1  Strength 

The  compressive  strength  of  concrete,  f^,  used  in  the  design 
equations  of  this  report  is  the  uniaxial  compressive  strength  of 
6-  X  12-inch  control  cyclinders  tested  at  the  time  the  structure  experi¬ 
ences  hydrostatic  loading.  Because  the  strength  of  concrete  in  the 
as-loaded  condition  of  an  undersea  structure  is  needed,  the  control 
cylinders  should  be  tested  with  the  concrete  in  a  wet  condition.  Mature 
concrete  that  has  been  continuously  fog  cured  is  considered  to  be  in  a 
wet  condition.  If  the  control  cylinders  have  been  cured  along  with  the 
structure  and  have  become  air  dried  from  field  exposure,  the  concrete 
cylinders  should  be  soaked  underwater  for  3  days  prior  to  testing. 
However,  as  will  be  explained  in  following  sections,  concrete  that  has 
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been  soaked  for  3  days  is  not  necessarily  "completely  saturated."  The 
strength  of  concrete  in  a  wet  condition  is  about  10  to  20%  lower  than 
concrete  in  a  dry  condition  (Ref  21).  Conversely,  concrete  in  a  con¬ 
tinuously  moist  condition  will  gain  in  strength  with  aging;  at  age 
1  year,  good  quality  concrete  is  approximately  20%  stronger  than  at 
28  days. 

Information  is  available  on  the  compressive  strength  of  concrete 
after  long  periods  of  time  in  a  hydrostatic  environment  as  reported  in 
References  15  and  17 . 

Ocean-exposed  concrete  blocks  (18  x  18  x  14  inches)  were  retrieved 
on  three  occasions:  1  block  after  1  year  in  the  ocean,  4  blocks  after 
5.3  years,  and  2  blocks  after  10.5  years.  Six-inch  diameter  core  samples 
were  taken  from  the  ocean  exposed  blocks  and  companion  on-land  field 
exposed  blocks  and  then  tested,  along  with  fog-room  cured  cast  cylin¬ 
ders,  for  compressive  strength,  modulus  of  elasticity,  and  Poisson's 
ratio.  Drilled  cores  are,  in  general,  weaker  in  compressive  strength 
than  cast  cylinders  of  the  same  concrete;  for  the  following  strength 
comparisons  the  core  strengths  are  adjusted  by  increasing  the  measured 
core  strength  by  7%  as  discussed  in  Reference  15. 

The  results  are  summarized  in  Figure  2.1,  which  shows  the  relative 
strengths  of  the  concrete  in  the  three  environments  at  total  ages  of 
1.3,  5.6,  and  10.8  years.  The  relative  strength  is  the  ratio  of  the 
compressive  strength  of  the  concrete  at  a  given  total  age  compared  to 
the  compressive  strength  at  28  days  of  fog-cured  specimens. 

The  continuosuly  fog-cured  specimens  increased  in  strength  by  23% 
at  1.3  years,  to  35%  above  the  baseline  strength  at  5.6  years  of  age, 
and  were  still  at  35%  at  10.8  years.  This  pattern  of  rapid  strength 
gain  at  early  ages  and  then  slower  gain  and  a  tendency  to  level  off  at 
later  ages  is  typical  of  concrete. 

The  on-land  field-exposed  concrete,  tested  in  the  air-dried  condi¬ 
tion,  showed  a  similar  but  smaller  gain  to  5.6  years,  as  expected,  but 
indicated  a  loss  of  strength  during  the  second  5-year  period.  This 
drop,  which  was  not  expected,  may  have  been  due  to  differences  in  the 
concrete's  moisture  content,  due  in  turn  to  the  outdoor  conditions, 
especially  relative  humidity  and  temperature,  which  varied  considerably 
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on  a  daily  as  well  as  seasonal  basis  in  contrast  to  the  fog  room  and  the 
in-ocean  conditions  which  were  constant  throughout  the  exposure  period. 

The  most  interesting  findings  are,  of  course,  those  of  the  ocean- 
exposed  concrete.  This  concrete  showed  a  decrease  in  strength  on  first 
being  placed  in  the  ocean.  This  decrease  results  from  the  concrete 
changing  from  an  air-dry  condition  at  the  time  of  deployment  (after  its 
initial  28-day  cure  the  concrete  was  stored  outdoors  for  several  months 
until  deployment)  to  a  saturated  condition  in  the  ocean.  It  is  well 
known  that  the  uniaxial  compressive  strength  of  wet  (saturated)  concrete 
is  10%  or  more  lower  than  otherwise  comparable  dry  concrete.  However, 
after  the  initial  loss  in  strength,  the  concrete  continued  to  cure  in 
the  ocean  and  gain  strength.  At  1.3  years  age  its  strength  was  approxi¬ 
mately  the  same  as  the  reference  concrete,  by  5.6  years  total  age  it  was 
15%  above  the  baseline  strength,  and  was  still  at  the  same  strength 
level  at  10.8  years  age.  Thus,  the  ocean  exposed  concrete,  after  an 
initial  loss,  gained  strength  and  then  leveled  off  at  the  later  age, 
much  the  same  as  the  reference  fog-cured  concrete,  but  at  a  lower 
attained  strength. 

Thus,  for  predicting  strength  changes  in  saturated  concrete  in  the 
ocean,  the  data  to  date  indicate  that  the  strength  increase  of  ocean- 
exposed  concrete  relative  to  the  28-d8y,  fog-cured  strength  is  zero  at 
the  end  of  1  year,  5%  at  2  years,  and  15%  at  5  to  10  years  (Ref  17). 

2.1.2  Durability 

Good  quality  concrete  that  is  completely  submerged  in  seawater 
usually  does  not  experience  problems  of  steel  reinforcement  corrosion. 
The  seawater  that  eventually  surrounds  the  reinforcing  steel  becomes 
oxygen  depleted,  and  the  high  pH  environment  supplied  by  the  cement  and 
the  products  of  hydration  of  the  cement,  especially  Ca(0H)2i  acts  as  an 
effective  method  of  retarding  corrosion. 

A  potential  problem  exists  in  pressure-resistant  structures  where 
the  interior  contains  air.  Oxygen  has  access  to  the  walls  from  inside 
the  structure.  Also,  the  chloride  content  in  the  concrete  can  increase 
from  salts  deposited  by  seawater  evaporating  on  the  inside  surface  thus 
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promoting  corrosion.  These  problems  are  accentuated  for  concrete  in  the 
intertidal  and  splash  zones,  which  are  surely  the  worst  environmental 
conditions  to  design  for  durability. 

Design  criteria  include  using  cement  with  a  suitable  tricalcium 
alumina te  (C^A)  content,  using  concrete  with  low  permeability,  and 
enough  concrete  cover  for  the  reinforcing  steel.  The  C^A  content  should 
be  above  5%  but  should  not  exceed  10%,  because  then  the  concrete  may 
become  vulnerable  to  deterioration  by  sulfate  attack  (Ref  18) .  Portland 
cements  that  meet  these  specifications  are  usually  Type  II  or  Type  V; 
however,  the  mill  specifications  should  be  used  to  determine  the  actual 
C^A  content.  Low  permeability  is  attained  for  concrete  by  using:  (1)  a 
cement  content  of  675  Ib/yd^  or  greater  (do  not  exceed  840  Ib/yd^ 
because  of  shrinkage  or  heat  hydration  problems),  (2)  a  water-to-cement 
ratio  of  less  than  0.45  (and  preferably  0.40  or  less),  and  (3)  vigorous 
but  not  excessive  vibration.  The  use  of  pozzolans  will  also  help  reduce 
permeability;  however  pozzolans  should  be  used  only  after  tests  have 
been  made  to  indicate  that  there  is  improved  sulphate  resistance  of  the 
concrete  and  no  decrease  in  corrosion  resistance  of  reinforcing  steel 
(if  present).  The  recommended  concrete  cover  is  2.5  inches  on  reinforc¬ 
ing  steel  and  4  inches  on  prestressing  steel.  For  specific  cases,  the 
cover  can  be  reduced  by  considering  aggregate  size,  bar  diameter,  cement 
factor,  water-to-cement  ratio,  workability  of  fresh  concrete,  degree  of 
coiapaction,  smoothness  of  concrete  surface,  and  other  factors. 

Rock  boring  mollusks  do  not  usually  attack  high  quality  concrete 
that  is  made  with  non-limestone  aggregate.  As  an  example,  concrete  that 
was  located  on  the  ocean  side  of  the  Los  Angeles  Harbor  breakwater  in 
California  showed  only  very  mild  attack  by  borers  after  67  years.  In  no 
place  had  the  borers  progressed  more  than  1/4  inch  into  the  surface 
(Ref  22). 

2.2  SATURATED  CONCRETE 

An  understanding  of  the  pore  structure  of  cement  paste  helps  to 
understand  the  behavior  of  saturated  concrete. 
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2.2.1  Pore  Structure  of  Cement  Paste 


Cement  paste  composes  about  30%  of  the  volume  of  a  good-quality 
concrete  mixture.  Because  the  paste  surrounds  each  aggregate  particle 
and  each  entrapped  or  entrained  air  void,  the  characteristics  of  the 
paste  essentially  control  the  permeability  of  the  concrete. 

Hardened  concrete  is  a  porous  material  whose  void  volume  is  pre¬ 
dominately  that  of  the  pore  space  of  the  cement  paste.  In  general 
terms,  a  we 11- compacted,  non-air-entrained  concrete  (of  water-cement 
ratio  0.40)  has  a  void  volume  of  about  20%  at  a  young  age  and  14%  at  a 
mature  age  after  good  curing  conditions;  the  minimum  void  volume  pos¬ 
sible  is  10%. 

Pore  size,  rather  than  pore  volume,  controls  the  permeability  of 

concrete.  In  a  hardened  cement  paste,  there  are  essentially  two  types 

of  pores:  capillary  pores  and  gel  pores.  In  a  freshly  mixed  cement 

paste,  the  ceawnt  particles  are  rather  evenly  distributed  due  to 

electrostatic  repulsion  forces.  The  spaces  occupied  by  the  water  in  the 

fresh  concrete  mix  are  teraied  the  capillary  pore  spaces;  they  are  inter- 

-7  -4 

connected  and  range  in  size  from  3  x  10  inches  to  5  x  10  inches  in 

diameter  (Ref  23).  As  each  cement  grain  reacts  with  water,  it  forms  a 

calciuffl-silicate-hydrate  gel  that  surrounds  the  unhydrated  portion  of 

the  ceoient  grain.  With  time,  fiber-like  chains  of  molecules,  called 

fibrils,  develop  from  the  gel  coating  (Ref  24).  The  interstices  among 

the  fibrils  are  the  gel  pores.  Gel  pores  are  extremely  soull,  from 
-8  *7 

4  X  10  inches  to  3  x  10  inches  in  diameter. 

After  a  cement  grain  has  fully  hydrated,  the  bulk  voIum  of  gel  is 
less  than  the  combined  voIuok  of  the  water  and  cement  from  which  the  gel 
is  formed,  but  is  larger  (requires  120%  more  volume)  than  the  original 
size  of  the  cement  grain  (Ref  25).  The  expansion  moves  into  capillary 
pores.  Thus  as  hydration  occurs,  the  capillary  pore  volume  decreases 
while  the  gel  volume  (and  thus  the  gel  pore  volume)  is  created. 

Theoretically,  if  the  original  water-cement  ratio  for  a  paste  were 
0.38  or  less,  the  entire  capillary  pore  voliae  would  become  occupied 
with  gel.  The  formation  of  gel  within  capillary  pores  increases  tremen¬ 
dously  the  resistance  of  water  molecules  moving  through  the  capillary 
pores.  Excellent  permeability  characteristics  arise  for  concretes  made 
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with  water -cement  ratios  of  0.40  or  less  because  the  capillary  pores  are 
essentially  interrupted  or  filled  by  gel. 

2.2.2  Seawater  Absorption 

A  major  significance  of  seawater  absorption  is  that  large  concrete 
structures  can  gain  in  weight  by  hundreds  of  tons  over  long  periods  of 
time.  Designers  may  need  to  consider  this  factor  for  certain  types  of 
floating,  submerged,  or  relocatable  concrete  structures. 

Two  concrete  mixtures  were  tested  for  seawater  absorption 
(Ref  26).  The  first  mix  was  a  high-quality  concrete  having  a  water- 
cement  ratio  of  0.39,  and  a  uniaxial  compressive  strength  of  7,380  psi 
at  28  days .  The  second  mix  was  a  medium-quality  concrete  of  unknown 
water-cement  ratio  (about  0.55);  the  compressive  strength  was  4,550  psi 
at  28  days.  Specimens  of  the  high  quality  concrete  mix  cured  for 
3.3  years  in  two  different  environments:  some  were  exposed  continuously 
in  a  controlled  moist  room  environment  and  some  to  an  outdoor  environ¬ 
ment.  The  medium-quality  concrete  was  continuously  fog  cured  and  the 
absorption  test  started  at  an  age  of  19  days. 

The  specimens,  which  were  6-  x  12-incb  control  cylinders,  were 
subjected  to  a  pressure  head  of  550  feet  and  the  absorption  of  seawater 
was  monitored  by  measuring  the  quantity  of  water  added  to  the  pressure 
vessel. 

The  results  of  the  fog-cured  specimens  are  shotni  in  Figure  2.2. 
During  8  days  time  at  sustained  pressure,  the  mature  high-quality  con¬ 
crete  absorbed  a  negligible  amount  of  seawater.  During  a  similar  length 
of  time,  the  young  medium-quality  concrete  absorbed  about  1.1%  by  weight 
and  then  lost  about  13%  of  the  absorbed  seawater  when  the  pressure  was 
removed  and  some  internal  gases  expanded.^ 

Figure  2.3  shows  the  data  for  the  mature,  high-quality  concrete 
that  was  field-cured  for  3.3  years.  After  15  days  soaking  at  0-foot 


*No  specimens  were  evacuated  in  any  of  the  test  programs  because  that 
condition  is  unnatural  for  usual  concrete  applications  in  the  ocean. 
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removed 


Figure  2.2  Seawater  absorption  of  fog-cured  concrete  as  a  function  of  time  under  a 
constant  pressure  head  of  550  feet. 


Figure  2.3  Seawater  absorption  of  field-cured  concrete  as  a  function  of  time  under  a 
constant  pressure  head  of  550  ft. 


head,  the  concrete  appeared  to  be  saturated,  but  actually  was  not  since 
more  water  was  absorbed  at  a  550-feet  head.  This  demonstrates  water 
moving  into  the  gel  pores . 

The  data  also  illustrate  the  difficulty  of  defining  "saturated" 
concrete.  At  different  pressure  heads,  concrete  may  become  apparently 
"saturated,"  yet  some  gel  pores  can  still  be  empty. 

2.2.3  Compressive  Strength  of  Saturated  Concrete 

Two  types  of  investigations  were  conducted  on  the  compressive 
strength  of  saturated  concrete.  During  the  first  investigation  mature, 
high-quality  hardened  concrete  was  put  into  a  pressure  vessel  to  satur¬ 
ate  the  material  and  then,  while  at  the  saturation  pressure,  a  uniaxial 
compression  test  (Ref  26)  was  conducted.  During  the  second  investiga¬ 
tion  freshly  uixed  concrete,  of  both  high  and  low  strength  mixtures,  was 
put  into  a  seawater  environment  to  cure  and  eventually  be  tested  in  uni¬ 
axial  compression  while  under  the  saturation  pressure  (Ref  27). 

The  first  investigation  used  a  concrete  of  water-cement  ratio  of 
0.51  and  a  uniaxial  compressive  strength  of  6,630  psi  at  28  days. 
Specimens  were  fog  cured  for  128  days  before  being  placed  at  pressure 
heads  of  1  foot,  500  feet,  and  20,000  feet  for  about  60  days.  The 
pressure  was  cycled  4  to  6  times  for  the  500-foot  and  20,000-foot  speci¬ 
mens  to  assist  in  saturating  the  concrete. 

The  results  are  shown  in  Figure  2.4.  Only  the  20,000-foot  specimens 
showed  a  statistically  significant  difference  in  compressive  strength 
from  that  of  the  fog-cured  specimens.  A  10%  decrease  was  recorded.  The 
decrease  is  attributed  to  pore  pressure  build  up  during  the  uniaxial 
test.  Under  uniaxial  load,  the  change  in  total  volume  of  the  specimen 
requires  that  some  water  be  expelled  from  the  specimen.  If  the  rate  of 
loading  is  faster  than  internal  water  can  exit  the  concrete,  then  a 
positive  pore  pressure  will  develop  which  can  cause  a  decrease  in  com¬ 
pressive  strength. 

The  500-foot  specimens  showed  a  6%  increase  in  strength.  The 
increase  could  have  been  due  to  empty  pore  space  causing  the  specimen  to 
act  as  if  it  were  under  a  small  triaxial  load  from  the  pressure  environ¬ 
ment.  The  500-foot  specimens  were  not  saturated. 
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Compressive  Strength,  (psi) 


Figure  2.4  Uniaxial  compressive  strength  of  concrete  tested  at  various  pressure  heads. 


For  the  second  investigation,  specimens  of  a  low-strength  concrete 
mix,  which  had  a  water-cement  ratio  of  0.66  and  uniaxial  compressive 
strength  of  3,000  psi  at  28  days,  and  a  high-strength  mix  of  water- 
cement  ratio  of  0.46  and  strength  of  6,060  psi  at  28  days,  were  placed 
on  the  seafloor  at  a  depth  of  1,830  feet  within  3  hours  after  mixing 
before  the  initial  set  of  the  concrete  had  occurred.  After  curing  in 
the  ocean  at  42°F  for  11  months,  some  specimens  were  returned  to  the 
Laboratory,  placed  again  at  a  pressure  bead  of  1,830  feet  for  a  hold 
period  and  then  tested  under  uniaxial  compression  while  at  that  pres¬ 
sure  head.  Companion  specimens  were  cured  in  a  fog  room  at  73°F  and 
others  in  a  tank  of  continuously  circulating  fresh  seawater  at  a  bead 
of  6  feet  at  an  average  of  66®F. 

Briefly,  the  results  showed  the  low-strength  concrete  increased  in 
uniaxial  compressive  strength,  as  compared  to  the  28-day  fog-cured 
stiength,  by  28,  28,  and  24%,  respectively,  after  10.8  months  of  curing 
in  a  fog  room,  10.2  months  in  a  seawater  tank,  and  11  months  in  a  deep- 
ocean  environment  at  1,830  feet.  The  differences  in  strength  are  not 
statistically  significant,  that  is,  the  deep-ocean  concrete  had  a 
strength  essentially  equivalent  to  that  of  the  fog-room  and  stawater- 
tank-cured  concrete.  The  high-strength,  fog-cured  concrete  increased  in 
uniaxial  compressive  strength,  as  compared  to  the  28-day  fog-cured 
strength,  by  26,  15,  and  9%  respectively,  after  10.8  months  of  curing  in 
a  fog  room,  10.2  months  in  a  seawater  tank,  and  11  months  in  a  deep- 
ocean  environment  at  1,830  feet.  In  this  case  the  differences  in 
strength  were  statistically  significant. 

Another  group  of  specimens  were  retrieved  from  the  ocean  after 

5  years  on  the  seafloor  at  a  depth  of  2,450  feet  and  tested  in  the 
laboratory  along  with  companion  specimens  that  bad  been  continuously 
cured  for  the  5  years  in  a  fog  room  or  under  a  low  head  (nominally 

6  feet)  of  seawater. 

The  various  specimens  were  tested  in  uniaxial  compressive  strengths 
under  three  different  conditions;  (1)  submerged  under  seawater  at  the 
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same  pressure  (2,450  feet)  as  the  ocean-exposed  specimens,  (2)  under 
seawater  at  a  low  head,  and  (3)  in  normal  laboratory  atmosphere.  The 
results  are  shown  in  Figure  2.5  which  supplement  the  findings  at  con¬ 
crete  ages  of  10  to  11  months. 

At  5  years  age,  the  low-strength  concrete  was  nearly  the  same 
strength  that  it  had  been  at  10  to  11  months,  that  is,  the  low-strength 
concrete  had,  essentially,  neither  gained  nor  lost  strength  in  the 
additional  4  years  of  exposure  in  the  three  environments.  On  the  other 
hand  the  high-strength  concrete  continued  to  gain  strength  in  all  three 
environments.  For  example,  the  ocean-exposed  concrete  averaged  more 
than  30%  stronger  at  5  years  than  at  10  to  11  months. 

There  are  several  small  differences  in  the  strengths  of  the  con¬ 
cretes  cured  and/or  tested  in  the  various  environments.  For  example  the 
low-strength  concrete  cured  and  tested  (at  5  years  age)  under  high  pres¬ 
sure  had  an  average  f^  of  4,100  psi,  which  is  indicative  of  a  reliable, 
good  quality  structural  concrete,  but  is  about  10%  weaker  than  the  com¬ 
panion  concrete  cured  in  the  near  ideal  fog  room  conditions. 

However,  the  main  findings  of  this  test  series  are  that,  at  a  given 
water/cement  ratio  and  a  given  age  (after  the  first  several  weeks),  the 
specimens  all  had  similar  strengths  whether  cured  or  tested  submerged  at 
high  pressure,  submerged  at  low  pressure,  or  in  the  air.  The  differ¬ 
ences  in  performance  are  primarily  due  to  the  well  established 
principles  that  higher  strength  is  primarily  a  function  of  lower  water/ 
cement  ratio,  and  the  degree  of  hydration  of  cement  which  is  a  function 
of  age  and  normally  continues  (if  curing  water  is  available)  at  a 
decreasing  rate  for  a  number  of  months  up  to  more  than  a  year,  after 
which  the  concrete  continues  to  maintain  its  achieved  strength. 

2.2.4  Pressure  Cycling  Effect 

Several  testa  were  conducted  where  concrete  was  subjected  to  pres¬ 
sure  cycling  and  then  tested  under  uniaxial  compression.  This  t3^e  of 
test  was  of  interest  because  a  rapid  decrease  in  ambient  pressure 
results  in  a  rapid  change  in  pore  pressure  of  the  concrete,  a  condition 
which  might  harm  the  concrete. 
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Strength  of  concrete  cured  and  tested  in  air  and  seawater  at  low  and  high  pressure  heads. 


One  test  series  was  part  of  the  program  involving  freshly  mixed 
concrete  placed  in  the  ocean  at  1,830  feet.  All  the  specimens,  both 
low-and  high-strength  mixes,  which  cured  in  the  ocean  for  11  months 
(and  were,  therefore,  saturated  with  seawater),  underwent  three  pressure 
cycles:  raised  from  the  seafloor  to  the  surface,  placed  in  a  pressure 
vessel  and  held  at  1,830  feet  of  head,  then  removed  from  the  pressure 
vessel,  placed  in  a  compression  tester,  and  then  placed  back  at 
1,830  feet  of  head  for  the  uniaxial  test.  Each  of  the  pressure  cycles 
was  at  a  rate  of  1  foot  of  head  per  second  (0.4  psi/sec).  The  strength 
of  these  specimens  was  compared  to  that  of  companion  specimens  that 
cured  in  a  seawater  tank  at  6  feet  of  head.  No  statistically  signifi¬ 
cant  strength  differences  were  observed,  so  the  pressure  cycles  did  not 
harm  the  concrete. 

Additional  ocean-cured  specimens  of  both  low-  and  high-strength 
mixes  were  pressure  cycled  an  additional  three  times  at  a  rate  of 
10  feet  of  head  per  second  (4.4  psi/sec).  This  rate  was  faster  than  any 
concrete  structure  or  object  will  be  raised  from  the  ocean.  A  practical 
rate  is  1  fps  or  less.  The  compressive  strength  of  these  specimens  was 
compared  to  that  of  the  ocean-cured  specimens  that  were  exposed  to  only 
three  cycles  of  1  foot  of  head  per  second.  The  strengths  were  essenti¬ 
ally  identical,  so  the  faster  pressure  cycling  rate  did  not  harm  the 
specimens. 

Another  observation  that  demonstrated  that  pressure  cycling  does 
not  harm  concrete  is  the  retrieval  of  two  uncoated-concrete  spheres  from 
the  ocean.  One  sphere  was  at  2,790  feet  for  5.3  years  (Ref  15)  and  the 
other  sphere  at  3,190  feet  for  10.5  years  (Figure  2.6)  (Ref  17).  In 
both  cases,  after  retrieval  and  a  number  of  hours  at  atmospheric 
pressure,  the  spheres  were  tested  in  a  pressure  vessel  to  failure  by 
implosion  under  short-term  hydrostatic  loading,  and  behaved  similar  to 
spheres  that  had  not  been  placed  in  the  ocean. 

The  most  significant  test  of  pressure  cycling  was  conducted  on  six 
3-  X  6-inch  solid,  microconcrete  cylinders  that  were  exposed  to  a  fresh¬ 
water  pressure  head  of  45,000  feet  for  6  days  (Ref  28).  The  pressure 
in  the  pressure  vessel  was  released  within  1  second  for  a  depressuriza¬ 
tion  rate  of  over  45,000  feet  of  head  per  second.  This  condition  was  an 
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extreme  test.  Upon  removal  from  the  pressure  vessel,  the  specimens 
showed  cracking  as  if  large  areas  of  the  surface  were  about  to  spall. 
Uniaxial  compression  tests  showed  that  the  specimens  had  an  average 
strength  of  5,900  psi.  These  strength  data  were  compared  to  that  of  six 
companion  specimens  that  had  remained  in  an  air-dried  (field-cured) 
condition;  these  specimens  had  a  strength  of  8,040  psi.  The  decrease  in 
strength  was  27%.  The  strength  reduction  included  the  effect  of  dry 
concrete  becoming  wet,  which  is  10%  or  more.  Hence,  only  17%  of  the 
reduction  would  be  attributed  to  the  effect  of  sudden  release  of  pore 
pressure.  Thus,  the  damage  is  considered  to  be  small  for  the  extreme 
nature  of  the  test. 

The  reason  pressure  cycling  at  reasonable  rates  does  not  affect 
concrete  is  that  little  water  actually  moves  in  or  out  of  saturated 
concrete  as  the  pressure  environment  increases  or  decreases .  The  bulk 
modulus  of  the  concrete  is  a  little  larger  in  value  than  the  bulk  modu¬ 
lus  of  seawater;  hence,  as  the  pressure  increases,  the  decrease  in 
volume  of  a  concrete  specimen  is  a  little  less  than  that  of  seawater. 
So  a  small  quantity  of  seawater  will  enter  the  specimen.  Upon  pressure 
decrease,  the  small  quality  of  seawater  must  exit  the  specimen.  This 
quantity  is  about  10  to  20%  of  the  quantity  that  must  exit  saturated 
concrete  under  uniaxial  loading.  Hence,  pressure  cycling  does  not 
appear  harmful  to  saturated  concrete. 


2.3  HYDROSTATIC  LOADING  CONDITIONS 
2.3.1  Long-Term  Loading 

Experimental  investigations  on  the  long-term  loading  behavior  of 
pressure- resistant  concrete  structures  were  conducted  primarily  on 
spheres,  but  a  few  tests  were  conducted  on  cylinders.  Three  spheres  of 
16  inches  (Ref  1)  and  seven  of  66  inches  OD  (Ref  10),  both  sizes  having 
t/D^  ratios  of  0.063  (Figure  2.7),  were  tested  in  pressure  vessels  to 
obtain  data  on  their  response  to  continuously  sustained  loading  during 
the  early  period  (first  20  days)  of  long-term  loading.  Eighteen  spheres 
of  66  inches  OD,  also  having  a  t/D^  ratio  of  0.063,  were  placed  in  the 
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Figure  2.7  Concrete  spherical  structures,  16-inch  and  66-inch  OD, 

used  for  hydrostatic  loading  tests  conducted  in  laboratory 
pressure  vessels  and  in  the  ocean. 
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ocean  to  obtain  data  for  periods  up  to  13  years  and  longer  (Ref  13,  IS, 
and  17).  The  spheres  were  placed  in  the  ocean  in  1971;  since  that  time 
three  of  the  spheres  imploded  in-situ  at  or  soon  after  deployment,  two 
spheres  flooded  without  imploding  (one  soon  after  deployment  with  no 
visible  defect,  the  other  due  to  a  small  local  failure  after  8  years  in 
the  ocean) ,  five  spheres  were  retrieved  from  the  ocean  for  laboratory 
testing,  one  has  never  been  inspected,  and  seven  are  still  exposed  to 
long-term  loading.  The  long-term  loading  data  are  shovm  in  Figure  2.8. 

Three  cylindrical  specimens,  54  inches  OD,  with  a  of  0.037  and 
L/D^  of  2.35,  were  tested  in  a  pressure  vessel  (Ref  16  and  29).  The 
data  from  these  tests  are  also  shown  in  Figure  2.8.  A  large  cylindrical 
structure  (see  Frontispiece)  of  10  feet  OD  by  20  feet  overall  length 
(10-foot  cylinder  section  plus  two  hemispherical  end  caps)  was  also 
subjected  to  long-term  loading  for  10.5  months  in  the  ocean,  but  the 
depth  was  only  600  feet  for  a  relative  load  level  of  about  13%  of  its 
short-term  strength.  The  datum  from  this  test  is  not  shown  because  of 
the  low  relative  load  level  (Ref  14). 

An  average  data  curve  from  Stockl  (Ref  29),  representing  hundreds 
of  uniaxial  load  tests,  is  shown  in  Figure  2.8  for  comparison.  The 
results  compare  favorably.  This  finding  shows  that  dry  and  saturated 
concrete  under  multiaxial  stresses  behaves  in  a  manner  similar  to  con¬ 
crete  used  for  on-land  structures.  There  was  no  unusual  behavior 
observed  for  concrete  used  in  the  deep  ocean  as  compared  to  the  known 
behavior  of  concrete  under  long-term  loading. 

2.3.2  Cyclic  Loading  Effect 

Previous  work  on  cyclic  loading  of  confined  concrete  was  quite 
limited.  An  investigation,  therefore,  was  conducted  on  the  low-cycle 
fatigue  behavior  of  fiber  reinforced  concrete  spheres  under  hydrostatic 
loading  (Ref  30).  The  spheres  were  16  inches  OD,  with  a  t/D^  ratio  of 
0.188. 

The  concrete  mix  proportions  were  a  water-cement  ratio  of  0.43, 
cement-sand-aggregate  proportions  of  1:2.55:0.64,  and  a  cement  content 

3 

of  846  Ib/yd  .  Type  II  Portland  cement  was  used  along  with  aggregate. 
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Figure  2.8  Time  to  failure  of  concrete  spheres  and  cylinders  under  long-term  hydrostatic  loading 


maximum  size  of  3/8  inch,  and  a  water  reducing  admixture.  Straight 
steel  fibers,  1.5  inches  in  length  and  0.017  inch  in  diameter,  were 
randomly  distributed  at  a  percentage  of  1.5%  by  volume. 

The  state  of  stress  in  the  sphere  wall  varied  from  biaxial  on  the 
inside  surface  to  triaxial  elsewhere.  The  hoop  stresses  were  equal  at 
~  ^2  radial  stress,  o^,  was  an  average  of  0.3  o^.  The  cyclic 

hydrostatic  load  cycled  all  the  stresses.  This  was  in  contrast  to 
previous  work  (Ref  31),  using  plain  concrete  solid-cylinders,  in  which 
the  axial  stress,  ,  was  cycled  from  20%  to  80  or  90%  of  the  triaxial 
ultimate  strength  while  the  radial  stresses,  and  o^,  were  equal  and 
held  constant  at  stress  levels  of  9  or  13%  of  the  triaxial  ultimate 
strength. 

The  test  results  are  shown  in  Figure  2.9.  The  spheres  showed 
considerably  poorer  fatigue  behavior  compared  to  the  solid  cylinders 
under  confinement.  This  difference  in  behavior  can  be  explained  by  the 
differing  stress  conditions  in  the  two  types  of  specimens.  For  the 
spheres,  all  wall  stresses  were  cycled,  whereas  for  the  cylinders,  only 
the  axial  stress  was  cycled.  Also,  for  the  spheres,  was  not  uniform 
across  the  wall  but  varied  from  zero  at  the  inner  surface  to  some 
maximum  value  at  the  outer  surface. 

The  sphere  results  converge  rapidly  to  the  uniaxial  results  (Ref  31 
and  32)  in  Figure  2.9.  The  uniaxial  results  should  be  the  lower  bound 
limit  of  confined  concrete  fatigue  behavior;  however,  this  was  not  con¬ 
firmed  by  the  tests. 

2.3.3  Rapid  Loading 

An  exploratory  test  program  was  conducted  on  rapidly  applying 
hydrostatic  load  to  concrete  spheres  (Ref  28).  The  spheres  were 
16  inches  OD,  with  a  t/D^  ratio  of  0.188,  and  fabricated  of  plain  con¬ 
crete.  The  exterior  and  interior  surfaces  of  the  spheres  were  water¬ 
proofed.  Previous  work  on  rapid  loading  effects  was  conducted  only  on 
unconfined  concrete  solid-cylinder  specimens.  Testing  of  spheres  under 
hydrostatic  loading  provided  an  opportunity  to  observe  rapid  loading 
effects  on  confined  (unsaturated)  concrete. 
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Figure  2.9  Low  cycle  fatigue  behavior  of  confined  and  unconfincd  concrete. 


The  concrete  mix  proportions  were  a  water-cement  ratio  of  0.43, 
cement-sand-aggregate  proportions  of  1:2.55:0.64,  and  a  cement  content 

3 

of  846  Ib/yd  .  Type  III  Portland  cement,  modified  to  plastic  cement  by 
the  manufacturer,  was  used  along  with  an  aggregate,  maximum  size  of 
3/8  inch,  and  a  water  reducing  admixture. 

The  test  procedure  used  for  creating  a  rapid  hydrostatic  load  was 
to  apply  an  equal  pressure  of  10,000  psi  to  the  interior  and  exterior  of 
a  sphere,  and  then  quickly  release  the  interior  pressure,  thereby 
creating  a  rapidly  applied  external  hydrostatic  load.  This  procedure, 
modified  by  decreasing  the  interior  pressure  slowly,  was  used  on  two 
spheres  and  the  implosion  results  compared  well  with  the  previous 
results  on  spheres  subjected  to  only  external  hydrostatic  loading 
(Ref  32,  4,  and  30).  The  average  implosion  pressure  for  the  two 
statically  loaded  spheres  was  4,420  psi. 

The  rapid  test  procedure  was  used  successfully  on  two  spheres.  The 
external  load  was  applied  in  about  0.007  second  and  both  spheres  resis¬ 
ted  the  maximum  available  pressure  load  of  9,600  psi.  One  sphere  held 
the  pressure  for  about  0.003  second  and  the  other  about  0.025  second; 
hence,  the  failures  were  not  instantaneous,  but  rather  creep  failures. 

The  strength  results  are  shown  in  Figure  2.10  as  a  function  of 
stress  rate  and  in  Figure  2.11  as  a  function  of  strain  rate.  The  sphere 
closest  to  an  instantaneous  failure  showed  a  strength  increase  of  2.3 
times  that  of  statically  loaded  spheres.  Past  work  on  rapid  loading  of 
unconfined  concrete  showed  strength  increases  on  the  order  of  1.4  times 
that  of  the  statically  loaded  specimens  (Ref  33,  34,  35,  and  36).  The 
improved  strength  of  the  spheres  demonstrated  that  confined  concrete 
resisted  rapid  loads  in  a  manner  superior  to  that  of  unconfined  concrete 


2.4  REINFORCEMENT 

Three  studies  have  considered  the  effects  of  steel  reinforcement  on 
the  implosion  behavior  of  spherical  structures.  Each  study  investigated 
a  different  reinforcement  scheme.  Cylindrical  structures  with  steel 


27 


static  fr  ‘Static 


Figure  2.10  Increase  in  compressive  strength  as  a  function  of  stress  rate. 
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reinforcement  have  not  been  investigated,  but  in  general  terms  the 
findings  from  the  spherical  studies  should  be  applicable. 

The  first  study  was  on  spheres  reinforced  with  steel  liners  on  the 
inside,  on  the  outside,  and  on  both  the  inside  and  outside  surfaces 
(Ref  11).  Figure  2.12  shows  the  16-inch  OD  models,  which  had  a  t/D^  of 
0.063  (for  the  concrete  wall).  The  quantity  of  reinforcement  varied 
from  1.8  to  24%  by  concrete  cross-sectional  area.  Figure  2.13  shows  the 
results  of  the  test  program.  The  implosion  strength  of  the  reinforced 
spheres  is  presented  as  the  strength  relative  to  that  of  plain  concrete 
spheres.  For  a  given  percentage  of  steel  reinforcement,  a  liner  on  both 
the  inside  and  outside  surfaces  produced  better  strength  results  than  if 
a  thicker  liner  were  placed  in  either  the  inside  or  the  outside  surface. 

To  substantially  increase  the  implosion  strength  of  concrete 
spheres  required  high  percentages  of  reinforcement.  For  the  condition 
of  a  liner  both  on  the  inside  and  outside  surfaces,  a  percentage  of  12% 
by  area  increased  the  implosion  pressure  of  a  plain  concrete  sphere  by  a 
factor  of  2.2.  On  a  full-scale  structure  a  percentage  of  12%  results  in 
thick  steel  plate.  For  a  12-foot  OD  sphere  with  a  t/D^  ratio  of  0.063, 
the  thickness  of  the  plate  would  be  about  2.75  inches  for  a  150,000  psi 
yield  strength  steel,  which  is  not  a  practical  design  approach. 

A  more  conventional  reinforcing  scheme  was  investigated  in  the 
second  study  (Ref  37).  Spheres  of  32  inches  OD  with  a  ratio  of 
0.085  were  fabricated  with  modeled,  conventional  reinforcing  steel  cages 
with  percentages  of  0.44  and  1.10%  by  cross-sectional  area.  Figure  2.14 
shows  the  rebar  cage  for  the  higher  steel  percentage.  Implosion  results 
showed  that  the  reinforced  spheres  failed  at  relative  pressures  5%  lower 
than  those  for  the  unreinforced  spheres.  Near  implosion,  the  interior 
concrete  cover  delaminated  from  the  rebar  cage.  This  delamination  was 
not  observed  for  plain  concrete  spheres  of  the  same  wall  thickness.  The 
reinforced  spheres  were  fabricated  from  two  hemispheres,  and  the  delami¬ 
nation  cracks  started  at  the  equatorial  joints. 

On  a  full-scale  structure,  joints  would  probably  not  be  a  problem; 
however,  increases  in  implosion  strength  are  not  anticipated  unless  the 
compression  steel  is  tied  against  lateral  movement.  Various  codes  of 
practice  (e.g..  Ref  38)  require  reinforcement  be  tied  if  the  effect  of 
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Figure  2. 1 2  Hemisphere  sections  of  steel-lined  reinforced  concrete  spheres.  The  control 
(unreinforced)  concrete  sphere  had  a  Z/Dq  =  0.063. 


Percent  reinforcement  (by  concrete  cross-sectional  area) 


Figure  2.13  The  effect  of  stecHiner  reinforcement  on  the  implosion 
pressure  (Pj,p)  of  thick-walled  concrete  spheres. 
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Figure  2.14  Reinforcing  cage  representing  1.1%  steel  by  area  for  a  concrete  sphere  of 
32-inch  OD  by  2.71-inch  wall  thickness. 
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the  reiaforcement  is  to  contribute  to  the  strength  of  a  compression 
member.  At  operational  loads,  untied  reinforcement  will  assist  in 
resisting  bending  displacements  caused  by  out-of-roundness;  but,  at  near 
failure  conditions  the  untied  reinforcement  can  not  be  counted  on  to 
increase  the  implosion  strength.  Hence,  when  compression  reinforcement 
is  not  tied,  then  the  member  is  designed  as  unreinforced  concrete. 

The  third  study  was  on  steel  fiber-reinforced-concrete  spheres  of 
16-inch  OD,  3-inch  wall  thickness,  and  a  t/D^  ratio  of  0.188  (Ref  39  and 
30).  Straight  steel  fibers,  1.5  inches  long  by  0.017  inch  in  diameter, 
were  randomly  distributed  in  the  concrete  at  a  percentage  of  1.5%  by 
volume.  The  purpose  of  this  study  was  to  investigate  cyclic  loading 
effects  as  discussed  earlier.  We  were  also  able  to  compare  the  static 
loading  strength  of  three  fiber-reinforced  spheres  to  plain  concrete 
spheres  of  identical  size  and  similar  uniaxial  concrete  compressive 
strengths.  The  fiber-reinforced-concrete  spheres  showed  implosion 
strengths  were  greater  than  the  plain  concrete  spheres  by  a  factor  of 
1.59.  This  is  a  substantial  increase  in  implosion  strength  for  a  steel 
reinforcement  percentage  of  only  1.5%  by  area. 

Caution  needs  to  be  mentioned  regarding  steel  fiber  reinforcement 
for  hydrostatically  loaded  structures  until  additional  tests  can  be 
conducted.  A  fourth  sphere  containing  steel  fiber  reinforcement  showed 
an  anomalous  failure  at  a  pressure  8%  lower  than  plain  concrete  spheres, 
a  small  hole  about  1/2  inch  in  diameter  was  pushed  through  the  3-inch 
thick  wall.  Perhaps  fibers  were  missing  from  this  region,  or  perhaps  a 
fiber  ball  was  located  in  this  region. 

A  somewhat  similar  failure  occurred  for  a  large  fiber-reinforced- 
concrete  sphere,  72  inches  OD  and  t/D^  of  0.167  (Ref  40).  The  rein¬ 
forcement  percentage  was  1.5%  by  area.  This  sphere  was  part  of  an 
underground  blast  test  program  conducted  by  the  Defense  Nuclear  Agency. 
After  the  underground  test,  which  did  damage  the  sphere,  the  sphere  was 
tested  under  cyclic  hydrostatic  leading  in  a  pressure  vessel.  The 
failure  mode  was  a  12-inch  diameter  hole  pushed  through  the  12-inch 
thick  wall  in  a  manner  similar  to  the  anomalous  failure  of  the  l6-inch 
OD  sphere. 
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Full-scale  concrete  structures  will  require  steel  reinforcement  to 
resist  strains  from  thermal  and  shrinkage  conditions,  loads  during  con¬ 
struction  and  transportation  stages,  moments  from  discontinuities  and 
out-of- roundness  deviations,  and  other  factors.  A  minimum  reinforcement 
percentage  of  0.20%  by  area  should  be  used. 


2.5  EPOXY  ADHESIVE  JOINTS 

Model  undersea  concrete  structures  for  most  of  the  test  programs 
were  fabricated  by  joining  structural  components  together  with  an  epoxy 
adhesive.  For  spheres,  two  hemispheres  were  bonded  together;  for 
cylinders,  end-closures  were  bonded  to  the  cylinder  section.  The  joints 
did  not  appear  harmful  to  the  overall  behavior.  Typically,  the  initia¬ 
tion  of  failure  did  not  involve  the  joints. 

The  construction  approach  of  bonding  elements  together  was  used  to 
bond  the  hemispherical  end  closures  to  a  10-foot  diameter  by  10-foot 
long  cyclinder  as  shown  in  Figure  2.15  (Ref  14).  The  completed  struc¬ 
ture,  which  is  shown  in  the  Frontispiece,  was  submerged  for  10.5  months 
at  600  feet  and  then  returned  to  land.  The  joints  appeared  in  excellent 
condition.  After  being  on  land  for  4.2  years,  the  structure  was  again 
lowered  into  the  ocean,  this  time  to  obtain  its  implosion  strength  which 
occurred  at  4,700-foot  depth.  Again,  the  joints  performed  well. 

When  using  epoxy  adhesives  the  American  Concrete  Institute's  guide¬ 
lines  (Ref  41)  should  be  considered.  Also  the  manufacturer's  recom¬ 
mended  practice  should  be  followed.  However,  not  all  commercially 
available  epoxy  adhesives  for  concrete  perform  equally  well.  In  par¬ 
ticular,  from  tests  on  a  number  of  epoxy  materials,  it  was  found  that 
the  bond  strength  for  certain  epoxies  is  damaged  by  the  presence  of 
water  (Ref  42).  Therefore,  before  using  an  epoxy  for  undersea  struc¬ 
tural  applications,  bond  strength  must  be  determined  by  tests  on 
concrete  elements  bonded  in  a  dry  (or  damp  or  wet)  condition  and  then 
subsequently  saturated  under  pressure. 

Water-jetting  or  sand-blasting  is  required  to  roughen  the  con¬ 
crete's  surfaces.  The  thickness  of  the  epoxy  in  the  joint  should  be 
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less  than  1/8  inch.  For  the  joint  shown  in  Figure  2.15,  the  gap 
between  the  mating  surfaces  was  less  than  1/8  inch  for  about  75%  of 
the  contact  area. 


2.6  PENETRATIONS 

Tests  have  sho%m  that  concrete  spherical  structures  can  have  small 
and  even  relatively  large  bull  penetrations  without  reducing  implosion 
strength  (Ref  2).  The  recommended  design  approach  is  to  use  a  hull 
penetration  having  a  rigidity  equal  to  or  greater  than  the  rigidity  of 
the  concrete  removed,  and  having  a  mating  surface  between  the  concrete 
and  the  penetration  at  a  spherical  angle  (taper  to  the  center  of  the 
sphere) . 

This  approach  was  used  for  large  hull  penetrations,  which  repre¬ 
sented  40%  of  the  diameter  of  the  hemispheres,  that  capped  the  10-foot 
OD  cylinder  described  above  (Figure  2.16)  (Ref  14).  The  strains  in  the 
concrete  near  the  penetrations  did  not  show  an  increase  over  that  of 
other  locations  during  the  10.5-month  long  ocean  test  at  600  feet.  This, 
however,  could  have  been  due  to  the  low  stress  levels  in  the  wall 
(approximately  0.2  f^). 

For  full-scale  structures  under  construction,  temporary  boles  are 
sometimes  required  for  access  to  the  interior.  It  is  recommended  that 
the  edge  of  the  penetration  hole  have  an  angle  that  is  tapered  to  the 
center  of  the  sphere;  or,  if  that  is  not  possible,  the  edge  should  be 
tapered  at  an  angle  that  limits  shear  stresses  across  the  shell  thick¬ 
ness  to  allowable  levels.  Keyways  or  ledges  around  the  periphery  of 
the  penetration  hole  should  not  be  used.  If  concrete  is  used  to  fill 
the  hole,  then  the  material  should  be  non-shrinking  and  have  a  compres¬ 
sive  strength  and  elastic  modulus  that  is  equal  to  or  greater  than  the 
concrete  in  the  hull. 

Large  penetrations  in  cylindrical  bulls  have  not  been  investigated. 
A  detailed  theoretical  analysis  using  finite  elements  and  a  proper 
constitutive  material  model  for  the  concrete  will  produce  meaningful 
results  if  a  large  penetration  must  be  located  in  the  cylinder  portion 


Figure  2.15  Cylindrical  structure  fabricated  by  epoxy  bondii^ 
hemisphere  end-closures  to  cylinder  section. 


Figure  2.16  Hull  penetration  in  hemisphere  end-closure  of 
cylindrical  structure  represents  40%  of  the 
outside  diameter  of  the  cylinder. 
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of  the  structure.  It  is  preferable,  however,  to  place  any  large  pene¬ 
trations  in  the  end  closures  rather  than  in  the  wall  of  the  cylinder. 

2.7  FACTORS  OF  SAFETY 

The  design  equations  presented  in  this  document  to  predict  implo¬ 
sion  pressures  of  cylindrical  and  spherical  structures  require  the 
addition  of  factors  of  safety.  Factors  of  safety  are  applied  according 
to  bow  the  structure  is  to  be  used. 

Different  codes  of  practice  have  different  approaches  to  assigning 
factors  of  safety;  however,  whatever  the  approach,  the  overall  factor 
of  safety  usually  equates  to  about  2.5  for  concrete  members  under  com¬ 
pressive  loads  (Ref  38  and  43). 

The  factor  of  safety  is  frequently  divided  into  two  partial 
factors:  the  load  factor  and  the  material  factor.  Without  discussing 
the  various  codes  of  practice,  these  partial  factors  have  the  values  of 
about  1.7  for  the  load  factor  and  about  1.5  for  the  material  factor,  and 
thus,  when  these  factors  are  multiplied  together,  the  overall  factor  of 
safety  is  approximately  2.5.  The  load  factor  accounts  for  inaccuracies 
in  defining  loads,  inaccuracies  in  the  design  method,  variations  in  con¬ 
struction  tolerances,  and  the  importance  of  the  structure  (cost  and 
lives  involved) ,  and  its  required  reliability.  The  material  factor 
accounts  for  variations  in  concrete  strength  within  the  structure  and 
between  laboratory  and  field  conditions. 

The  aiaterial  factor  seldom  varies.  For  undersea  structures  that 
are  constructed  on  land  or  while  afloat  and  then  submerged,  a  material 
factor  of  1.5  is  appropriate.  If  the  structure  were  constructed  on  the 
seafloor  by  tremie  placeawnt  of  concrete,  a  larger  material  factor 
would  be  warranted.  As  a  guide  for  the  load  factor  of  undersea  struc¬ 
tures,  the  value  can  range  from  1.7,  if  people  are  not  inside  the 
structure,  to  2.0  or  more  if  people  are  inside. 

In  summary,  an  overall  factor  of  safety  of  about  2.5  is  proposed 
for  structures  that  function  without  people  inside  and  about  3.0,  as  a 
minimum,  for  structures  with  people  inside. 


37 


CHAPTER  3.  CYLINDRICAL  STRUCTURES 


Several  design  approaches  are  appropriate  for  cylindrical 
structures  because  different  geoaetric  configurations  behave  dif¬ 
ferently.  Analysis  methods  are  presented  for  thick-walled  cylinders, 
moderately  long  thin-walled  cylinders,  and  long  thin-walled  cylinders. 

Experimental  data  exist  for  each  of  the  geometries.  In  total, 
58  cylinders  were  tested:  42  had  a  16-inch  OD  (Ref  5,  8,  and  12),  15 
had  a  54-inch  OD  (Ref  16  and  44),  and  one  had  a  121-inch  OD  (Ref  45). 
The  larger  cylinders  of  54-  and  121-inch  diameters  generated  data  of 
more  meaningful  quality,  probably  because  they  were  less  sensitive  to 
experimental  error.  Regardless,  data  from  all  clyinder  sizes  were  Lsed 
in  developing  the  design  equations. 

The  16-inch  00  cylinders  are  shotm  in  Figure  3.1.  These  cylinders 
had  various  wall  thickness- to-diameter,  t/D^,  ratios  and  various  lengtb- 
to-diameter,  L/D^,  ratios,  so  that  the  wide  range  of  geometric 
conditions  was  covered.  For  the  most  part,  the  cylinders  were  capped 
with  concrete  hemispheres  of  wall  thickness  equal  to  that  of  the 
cylinder.  The  concrete  uniaxial  compressive  strengths  ranged  from 
6,000  to  11,000  psi.  In  general  the  concrete  mix  proportions  were  a 
water-to-cement  ratio  between  0.55  and  0.65,  an  aggregate-to-cement 
ratio  of  3.30,  and  a  cesient  content  of  806  Ib/yd^.  Type  II  Portland 
cement  was  used.  The  maximum  size  of  aggregate  passed  the  No.  4  sieve, 
which  means  that,  technically,  the  cylinders  were  cast  of  mortar  (or 
microconcrete)  rather  than  a  concrete  mix. 

One  of  the  54- inch  OD  cylinders  is  shown  in  Figure  3.2.  These 
cylinders  also  had  various  t/D^  ratios  so  they  ranged  from  thin-  to 
thick-walled  cylinders.  Although  all  of  these  cylinders  had  lengths  of 
134  inches,  the  two  different  end  conditions  (sijq>le-support  and  free- 
support)  produced  test  specimens  in  the  "moderately  long"  (Figure  3.3) 
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Figure  3.1  16-inch  OD  concrete  test  cylinders  with  various  wall  thicknesses  were 
tested  under  hydrostatic  loads  to  implosion. 


Figure  3.2  54-inch  OD  concrete  test  cylinder.  For  this 
series  of  tests  walls  were  1 .3 1 , 1 .97,  and 
3.39  inches  thick. 
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and  "long"  thin-walled  cylinder  categories  froai  the  point  of  view  of 
structural  analysis.  The  concrete  uniaxial  cosipressive  strengths  ranged 
between  nominal  6,500  and  9,500  psi.  The  siix  porportions  were  a  water- 
to-  cement  ratio  of  0.55,  a  cement- to-sand-to-aggregate  proportion  of 
1:1.96:2.22,  and  ceawnt  content  of  676  Ib/yd^.  Type  II  Portland  cement 
was  used  and  the  maximum  size  aggregate  was  3/8  inch. 

The  largest  size  cylinder,  which  is  shown  in  the  frontispiece  and 

Figure  2.10,  was  121  inches  OD,  9-1/2-inch  wall  thickness,  and  10  feet 

long.  Thus,  the  t/D  ratio  was  0.079  and  L/D  was  1.0.  The  cylinder 

o  o 

contained  steel  reinforceswnt  of  0.70%  by  area  in  the  hoop  direction  and 
in  the  axial  direction.  The  end  closures  were  concrete  hemispheres  of 
wall  thickness  equal  to  that  of  the  cylinder.  The  concrete  uniaxial 
compressive  strength  was  10,470  psi.  The  concrete  mix  proportions  were 
a  water- to-cement  ratio  of  0.40,  a  cement-to-sand-to-aggregate  propor¬ 
tion  of  1:1.40:2.50  and  a  cement  content  of  734  Ib/yd^.  Type  II  Portland 
cement  was  used  and  the  maximum  size  aggregate  was  3/4  inch. 

Details  of  test  procedures  and  test  results  are  reported  in  the 
appropriate  references.  Only  those  data  relevant  to  developing  the 
design  approaches  are  shown  herein  (Ref  16). 


3.1  THICK-WALLED  CYLINDERS 


The  design  approach  for  predicting  iq>losion  of  thick-walled  cylin¬ 
ders  is  based  on  material  failure  of  the  cylinder  wall.  Near  implosion, 
the  inelastic  behavior  of  concrete  al >ng  with  time-dependent  behavior, 
such  as  creep,  creates  a  hoop  stress  distribution  across  the  wall  that 
is  modeled  more  closely  by  a  uniform  stress  distribution  than  by  an 
elastic  (Lame)  stress  distribution.  Uniform  hoop  stress  distribution  at 
isqplosion  is  expressed  by: 
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im 


(3.1) 
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Figure  3.3(a)  Post-implosion  view  of  cylinder. 


Figure  3.3(b)  Fragmenu  of  concrete  from  failure  zone. 
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where: 


t 


average  hoop  stress  in  the  wall  at  implosion 
implosion  pressure 
outside  radius  of  the  cylinder 
average  wall  thickness 


The  hoop  stress  at  implosion,  can  be  expressed  as  the  uniaxial 

compressive  strength  of  concrete  multiplied  by  a  strength  factor. 
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(3.2) 


where:  k^  =  strength  factor  in  the  circumferential  direction 
for  cylinder  structures  under  hydrostatic  loading 

f^  =  uniaxial  compressive  strength  of  concrete 


The  term  k^  was  determined  empirically.  Figure  3.4  shows  k^  as  a 

function  of  length- to-outside-diameter  ratio,  for  cylinders  of 

various  wall-thickness-to-outside-diameter  ratio,  t/D  . 

o 

For  cylinders  under  external  hydrostatic  loading,  the  wall  is  under 
biaxial  compressive  stresses  on  the  inside  surface  and  triaxial  compres¬ 
sive  stresses  at  all  other  locations.  The  major  principal  stresses  are 
in  the  hoop  and  axial  directions,  where  the  hoop  stress  is  about  twice 
the  magnitude  of  the  axial  stress .  The  minor  principal  stress  acts 
radially.  If  the  concrete  is  considered  biaxially  loaded,  then  the 
hoop-to-axial-stress  ratio  of  2  increases  the  compressive  strength  of 
concrete  by  a  factor  of  about  1.25  f^  (Ref  46).  Therefore,  k^  values 
for  the  cylinders  of  this  program  should  show  a  value  on  the  order  of 
1.25.  As  a  minimum,  k^  should  be  1.0. 

Figure  3.4  shows  that  short  cylinders,  those  of  L/D^  <  1,  had  a 
k^  aroimd  1.25.  However,  longer  cylinders  showed  a  k^  on  the  order  of 
1.0. 
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Cylinder  Length/Outside  Diimeter,  L/D^ 


A  decrease  in  below  1.0  is  attributed  to  an  imperfection  in  the 

cylinder.  An  average  k  value  of  0.89  was  observed  at  L/D  =  it.* 

c  o 

For  design  purposes,  a  -  1-0  was  selected  for  cylinders  of  L/D^ 

>  2.  The  reader  is  reminded  that  this  k  includes  the  effect  of  out-of- 

c 

roundness  and  experimental  error.  The  reduction  in  k^  from  1.25  to  1.0, 
a  20%  change,  is  difficult  to  assign  solely  to  out-of-roundness  effect 
because  thick-walled  structures  are  usually  insensitive  to  small  geo¬ 
metric  out-of-roundness.  The  16-inch  OD  specimens  had  the  out-of-round¬ 
ness  parameters  given  in  Table  3.1.  The  specific  magnitude  of  the 

Table  3.1.  Out-of-Roundness  Parameters  for 
16-Inch  OD  Cylinders 


o 

Q 

4J 

At  .  /t 

fflin 

AR^/t 

AR  /t 
o 

0.03® 

0.12 

0. 12 

0.12 

0.06^ 

0.06 

0.06 

0.06 

0.13^ 

0.03 

0.03 

0.03 

0.19'^ 

0.02 

0.02 

0.02 

Thin-walled  cylinder. 

^Border  between  thin-  and  thick-walled 
cylinder. 

c 

Thick-walled  cylinder. 


*Much  attention  was  given  to  why  k  should  be  as  low  as  0.89.  If  out- 
of-roundness  were  the  sole  cause,  then  the  cylinders  showed  a  decrease 
in  strength  of  29%  due  to  out-of-roundness;  which  is  too  large  an 
effect  for  thick-walled  cylinders.  There  is  no  reason  based  on  engi¬ 
neering  mechanics  to  cause  the  reduced  strength.  Some  problem  related 
to  the  fabrication  or  testing  must  have  been  responsible  for  the  low 
strengths.  One  procedure  that  was  distinctly  different  for  cylinders 
with  an  L/D  of  A  and  8  was  the  interior  mold.  The  interior  mold  was 
made  in  segments  having  a  length  of  L/D  =  2.  Cylinders  longer  than 
L/D  of  2  used  multiple  segments,  and  it  was  quite  difficult  to  dis¬ 
assemble  the  multiple  segawnts  to  extract  the  interior  mold.  If  damage 
was  done  to  the  cylinders  during  this  operation,  it  was  not  recognised 
at  the  tisie. 
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out-of- roundness  effect  could  not  be  determined  from  the  test  program; 
however,  the  empirical  value  accounts  for  whatever  out-of- roundness 
effect  that  existed.  Hence,  =  1.0  should  be  a  conservative  strength 
factor  for  design  purposes. 

Substituting  Equation  3.2  into  Equation  3.1  and  using  =  D^/2 
gives  the  expression  to  predict  implosion  pressure  for  thick-walled 
cylinders; 

'’im  =  2  k^  f;  (t/D^)  (3.3) 

where:  k^  =  1.25-0.12  (L/D^)  for  (L/D^)  <2 
k^  =  1.0  for  (L/D^)  >2 

Equation  3.3  is  shown  in  Figure  3.5,  and  is  labeled  "thick-walled 

cylinders."  Enter  the  cylinder's  L/D  and  t/D  on  the  chart  to  obtain 

o  o 

the  ratio.  The  implosion  pressure,  P.  ,  can  then  be  calculated 

by  assuming  a  concrete  compressive  strength, 

The  effect  of  different  types  of  end  closures  on  the  implosion 
strength  of  thick-walled  cylinders  is  small  (Ref  8)  so  this  parameter 
was  not  included  in  Equation  3.3. 


3.2  THIN-WAULED  CYLINDERS 

Thin-walled  cylinders  are  divided  into  two  categories:  moderately 
long  cylinders  and  long  cylinders.  Moderately  long  cylinders  are  influ¬ 
enced  by  end  closures  that  restrain  the  cylinder  from  instability 
failure.  Long  cylinders  are  not  influenced  by  end  closures  and  behave 
as  infinitely  long  cylinders. 

The  basis  for  the  design  approach  was  to  use  Donnell's  buckling 
equation  for  moderately  long  cylinders  (Ref  47)  and  Bresse's  equation 
for  long  cylinders  (Ref  48).  Both  equations  predict  the  hoop  stresses 
in  the  wall  of  the  cylinder  at  buckling. 
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Figure  3.5  Design  guide  for  predicting  implosion  pressure  of  concrete  cylinder  structures. 


Note:  Enter  the  chart  with  known  or  assumed  values  for  the 

cylinder's  L/D  and  t/D  ratios  to  find  the P.  /f 
^  o  o  im  c 

ratio.  Select  a  compressive  strength  (known  or 

assumed)  between  6,000  and  10, (XK)  psi  and 
calculate  P-  . 
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Donnell's  Equation 


0:8^  3/2^ 

2,3/4  Uj  L  '1 


where:  “  hoop  stress  in  cylinder  wall  at  implosion, 

predicted  by  Donnell's  equation 

E^  =  concrete  elastic  modulus,  psi 

L  =  uninterrupted  length  of  cylinder,  in. 

R  =  mean  radius,  in. 

t  =  wall  thickness,  in. 

n  =  plasticity  reduction  factor 

V  =  Poisson's  ratio 


Bresse's  Equation 


E  2 

KJr  =  — n 


(3.4) 


(3.5) 


where:  =  ^oop  stress  in  cylinder  wall  at  implosion,  predicted 

by  Bresse's  equation 

Using  V  =  0.20  and  the  approximation  R  =  D  /2,  Donnell's  equation 
becomes :  ° 


1.25  E^n/t 


(‘^im^D 


(t) 


(3.6) 


and  Bresse'  equation 


(Oi.),  =  1.04  E^n(^)' 


(3.7) 


The  elastic  condition  exists  when  f)  =  7- 


Figure  3.6  shows  the  experimental  data  of  the  elastic  moduli  as  a 
function  of  compressive  strength  for  the  concrete  used  in  the  54-inch  OD 


Concrete  elastic  modulus  x  10^  (psi) 


cylinder  tests  specimens.  was  obtained  experimentally  as  the  secant 
of  the  uniaxial  compressive  stress-strain  curves  from  the  beginning  up 
to  40%  of  ultimate  strength.  From  these  data  the  following  empirical 
expression  was  developed  to  predict  for  concretes  in  the  compressive 
strength  range  of  6,000  to  10,000  psi. 

E^  =  530  f^  6,000  psi  <  f^  <  10,000  psi*  (3.8) 

The  American  Concrete  Institute  (ACI)  expression  for  elastic  modulus 
(Ref  39)  is  shown  in  Figure  3.6  for  comparision.  The  ACI  expression  is 
known  to  over  estimate  E^  for  high  strength  concretes  (Ref  49). 

Equations  3.6  and  3.7  predict  the  elastic  hoop  stress  at  implosion 
when  the  plasticity  reduction  factor,  n>  is  1.0.  When  r|  is  less  than 
1.0,  its  primary  function  is  to  account  for  inelastic  material  behavior 
as  E^  deviates  from  elastic  response.  For  the  thin-walled  cylinder 
design  approach,  q  is  used  in  a  broader  manner.  It  is  the  empirical 
factor  to  relate  Donnell’s  and  Bresse's  equations  to  the  test  results. 
Thus  n  represents  more  than  just  inelastic  material  behavior;  it  also 
includes  the  effects  of  cylinder  out-of-roundness,  experimental  error, 
and  theoretical  equation  limitations. 

Empirical  values  were  calculated  by  dividing  the  experimental  hoop 
stress  at  implosion  (assuming  a  uniform  stress  distribution  across  the 
wall)  by  the  elastic  hoop  stress  at  buckling.  Equation  3.6  or  3.7.  As 
the  t/D^  ratio  increases  for  thin-walled  cylinders,  and  the  failure  mode 
enters  the  transition  region  from  buckling  to  material  failure,  greater 
inelastic  material  effects  occur  and  t]  becomes  smaller.  This  is  seen  in 
Figures  3.7,  3.8,  and  3.9. 

These  data  are  shown  in  Figure  3.10  where  Q  is  a  function  of  the 
stress  level  in  the  cylinder  wall  at  implosion.  The  fitted  inelastic 
buckling  curves  of  Figures  3.7  and  3.8  were  transferred  to  Figure  3.10 


*0utside  this  range.  Equation  3.8  becomes  inaccurate,  underestimating 
E^  below  6,000  psi  and  overestimating  E^  above  10,000  psi  (Ref  16). 
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Figure  3.7  Implosion  of  moderately  long  cylinders  with  =  54  inches. 


Figure  3.8  Implosion  of  long  cylinders  with  Dg  =  54  inches. 
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and  then  a  design  r|  curve  was  selected  which  was  applicable  to  both 
moderately  long  and  long  cylinders.  The  n  expression  is: 


n 


o. 

0.52  <  ^  <  1.0 


(3.9) 


3.2.1  Moderately-Long  Cylinders 

The  expression  to  predict  implosion  pressure  for  moderately  long 
cylinders  was  developed  as  follows. 

Equations  3.8  and  3.9  are  substituted  into  Donnell's  simplified, 
equation,  Equation  3.6,  to  yield: 


(3.10) 


The  stress  level  at  implosion,  a.  /f* ,  is  calculated  by  knowing  the 

XA  C 

geometry  of  the  cylinder  structure.  After  calculating 
following  conditions  determine  the  next  step: 


a.  If  ^  >  thick-wall  analysis  is  used  to  predict 

implosion  (Equation  3.3). 

b.  If  0.52  <  ^  then  q  is  calculated  by  Equation  3.9. 

c.  If  o.  /f  <  0.52,  then  q  =  1-0. 

im  c  ’ 

If  steps  (b)  or  (c)  control,  the  following  expression,  which  pre¬ 
dicts  the  implosion  pressure,  is  used.  Equations  3.6  and  3.8  are 
substituted  into  Equation  3.1  to  obtain: 
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p. 

im 


(3.11) 


1,320  n 

X" 

D 


A  design  chart  approach  is  given  in  Figure  3.5.  Enter  the  cylin¬ 
der's  L/D  and  t/D  ratios  on  the  chart  to  determine  the  P-  /f'  ratio. 
0  0  im  c 

The  structure  is  assumed  to  have  a  simple  support  end  condition. 

For  the  case  of  fixed  support  end  conditions,  it  has  been  shown 
analytically  (Ref  50)  that  a  6%  implosion  strength  increase  can  be 
expected . 

3.2.2  Long  Cylinders 

The  expressions  to  predict  implosion  pressure  for  long  cylinders 
were  developed  as  follows. 

Equations  3.8  and  3.9  are  substituted  into  the  simplified  Bresse's 
equation,  Equation  3.7,  to  yield: 


(3.12) 


Once  the  stress  level  at  implosion  is  calculated,  the  same  condi 
tions  for  moderately  long  cylinders  hold;  that  is: 


a.  Ifa.  /f'>1.0,  a  thick-wall  analysis  is  used  to  predict 

im  c 

implosion  (Equation  3.3). 

b.  If  0.52  <  ^  ^  calculated  by  Equation  3.9. 

c.  If  a.  /f  <  0.52,  then  q  =  1-0. 

im  c 

If  steps  (b)  or  (c)  control,  the  following  expression,  which  was 
developed  by  substituting  Equations  3.7  and  3.8  into  Equation  3.1, 
predicts  the  implosion  pressure: 
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p. 

im 


1,100  0 


(3.13) 


A  design  chart  approach  is  given  in  Figure  3.5.  Enter  the  struc¬ 
ture’s  L/D  and  t/D  ratio  on  the  chart  to  determine  the  P.  /£'  ratio. 

0  0  im  c 

3.2.3  Out-of-Roundness 

The  design  chart  in  Figure  3.5  was  developed  from  theoretical 
equations  that  were  modified  by  empirical  data.  The  empirical  data  were 
from  specimens  that  had  geometric  out-of- roundness. 

For  the  5A-inch  OD  cylinders  (Ref  16  and  44) ,  the  geometry  was 
extensively  measured  to  define  initial  out-of-roundness .  A  summary  of 
the  out-of-roundness  parameters  is  given  in  Table  3.2.  This  informa¬ 
tion,  however,  does  not  give  the  complete  picture  because  the  location 
of  the  thinnest  wall  thickness  coincided  with  the  location  of  largest 
radius  deviation  (or  flat  spot).  Figures  3.11  and  3.12  show  the  initial 
geometry.  The  worst  flat  spot  location  was  caused  by  a  seam  in  the 
exterior  casting  mold.  Displacement  recordings  taken  on  the  cylinders 
during  hydrostatic  loading  tests  showed  that  the  failure  occurred  at  the 
worst  flat  spot  location. 

Table  3.2.  Out-of-Roundness  Parameters  for 
54-Inch  OD  Cylinders 


^/°o 

Out-of -Roundness 
Parameters 

At  .  /t 
mxn 

AR./t 

1 

ARo/t 

0.024 

0.08 

0.04 

0.10 

0.037 

0.06 

0.03 

0.06 

0.063 

0.04 

0.02 

0.03 

NOTE:  Radius  deviations  are  for  radii 
less  than  the  nominal  radii. 


55 


Radius  deviation  scale;  0  0.2  in. 

I - ' 


Figure  3.11  Initial  cross-section  shape  showing  relative  changes  in  wall 
thickness  and  flat  spots  for  a  54  inch  OD  cylinder  having 
a  t/Dg  ratio  of  0.037. 
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Figure  3.12  Variation  in  values  of  wall  thickness  and  mean  radius  as 

an  average  of  54  inch  OD  cylinders  of  t/D^  ratio  of  0.037. 


For  full-scale  structures,  out-of-roundness  tolerances  can  be 
maintained  that  are  better  than  those  in  Table  3.2;  therefore,  the 
design  chart  of  Figure  3.5  should  be  conservative  in  predicting 
implosion,  in  regard  to  influences  from  out-of-roundness. 

Certain  geometries  of  thin-walled  cyliners  are  more  sensitive  to 
axial  load  effects  than  other  geometries.  The  curvature  parameter,  Z, 
helps  to  qualitatively  define  which  geometries  are  sensitive  to  out-of- 
roundness  deviations  (Ref  A7). 


Z  = 


Njl  - 

R  t 


For  concrete,  v  is  about  0.20  and 

.2 


Z  = 


R  t 


^1-v^  is  approximately  1.0  and  thus 

(3.1A) 


Under  hydrostatic  loading  conditions,  cylinders  having  Z  greater 
than  100  are  not  sensitive  to  "normal"  deviations  in  roundness.  The 
out-of-roundness  parameters  given  in  Table  3.2  are  considered  within  the 
limits  of  "normal"  deviations.  However,  cylinders  with  Z  less  than  100 
are  sensitive  to  out-of-roundness,  and  detailed  finite  element  analyses 
should  be  performed  on  those  design  cases. 


3.3  DESIGN  EXAMPLE,  CYLINDRICAL  STRUCTURE 

A  100-foot  OD,  200-foot  long  cylindrical  structure,  which  will  not 
be  manned,  is  oriented  vertically  on  the  the  seafloor  at  a  depth  of 
500  feet.  Hemispheres  cap  the  ends  of  the  cylinder.  Seawater  ballast 
fills  the  structure  to  a  height  of  100  feet.  Hence,  the  maximum  applied 
pressure  loading  is  AOO  feet  or  178  psi.  The  wall  thickness  has  been 
preliminarily  selected  as  3.5  feet  and  the  concrete  strength  at  time  of 
pressure  loading  as  7,500  psi. 
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The  first  step  is  to  determine  whether  the  structure  is  a  moder¬ 
ately  long,  a  long  thin-walled,  or  a  thick-walled  cylinder.  In 
Figure  3.5,  enter  an  L/D^  of  2.0  and  t/D^  of  0.035  to  determine  that 
the  structure  is  a  moderately  long  cylinder. 

A  quick  estimate  of  the  implosion  strength  can  be  obtained  from 
Figure  3.5.  An  approximate  P^.^/f^  is  obtained  as  0.067 

P.  =  0.067  f'  =  0.067  (7,500  psi)  =  502  psi 

im  C  »  r  / 


Using  the  design  equations  to  estimate  P^^  requires  the  following 


steps : 


•  The  stress  level  at  implosion,  ®  moderately  long 

cylinder  is  calculated  using  Equation  3.10. 


im  _  1,090  (0.035r’^ 

^c  2.0  +  830  (0.035) 


=  0.95 


•  When  is  less  than  1.0,  the  plasticity  reduction  factor, 

n,  is  calculated  using  Equation  3.9. 


n  =  1.65  -  1.25  (0.95)  =  0.46 


•  Now  use  the  implosion  equation.  Equation  3.11: 


1,320  (0.46)  (7.500)  (0.035)' 


=  522  psi 


Note  that  the  design  chart  estimate  and  the  calculated  estimate  are  in 
reasonable  agreement  with  each  other. 

The  factor  of  safety  is: 


•  _  _522.  _  . 

P  "178  ■ 

operational 
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For  an  unmanned  structure,  a  safety  factor  of  2.93  is  greater  than  the 
prescribed  2.5,  so  the  design  is  adequate.  The  wall  thickness  could  be 
revised  to  a  smaller  t/D^  ratio,  or  the  concrete  strength  could  be 
reduced  so  that  the  final  safety  factor  was  2.5. 

Check  the  curvature  parameter,  Z,  of  Equation  3.1A  to  determine  if 
this  structure  is  sensitive  to  out-of-roundness  deviations. 


L  ^  (200)^ 

■  R  t  ■  48.3  ^3.5) 


236  >  100 


Thus  the  cylinder  is  not  considered  sensitive  if  normal  roundness  toler¬ 
ances  are  maintained  during  construction. 
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CHAPTER  4.  SPHERICAL  STRUCTURES 


Design  equations  to  predict  the  implosion  pressure  of  thick-walled 
and  thin-walled  spheres  are  presented.  Only  thick-walled  spheres  have 
been  tested  experimentally. 

The  experimental  specimens  were  mostly  16-inch  OD  spheres  with  t/D^ 

ratios  ranging  from  0.062  to  0.25,  and  concrete  compressive  strengths 

ranging  from  6,000  to  11,000  psi  (Ref  1,  2,  3,  and  4).  Seventeen  of 

these  spheres  were  tested  under  short-term  loading,  i.e,  each  sphere  was 

placed  in  a  laboratory  pressure  vessel  and  the  pressure  steadily 

increased  until  the  sphere  failed  by  implosion.  The  implosion  results 

for  these  spheres  are  shown  in  Figure  4.1.  The  design  approach  for 

thick-walled  spheres  is  based  primarily  on  these  data.  Larger  32-inch 

(Ref  37)  and  66-inch  OD  spheres  (Ref  10)  with  t/D  ratios  0.85  and 

o 

0.0625,  respectively,  were  also  tested  to  failure  by  implosion.  The 
results  from  the  larger  sphere  tests  are  also  included  in  Figure  4.1. 

For  the  16-  and  32-inch  OD  spheres  the  concrete  mix  porportions 
were  a  water-to-cement  ratio  between  0.56  and  0.65,  an  aggregate-to- 
cement  ratio  of  3.30,  and  a  cement  content  of  806  Ib/yd^.  Type  II 
Portland  cement  and  aggregate  passing  the  No.  4  size  sieve  were  used. 
For  the  66-inch  OD  spheres,  the  concrete  was  manufactured  at  a  local 
commercial  batch  plant  and  transit  mixed.  The  mix  proportions  were 
water-to-cement  ratio  of  0.41^  cement-to-sand-to-aggregate  proportions 
of  1:1.85:2.28,  and  a  cement  content  of  733  Ib/yd^.  Type  II  Portland 
cement,  a  maximum  size  aggregate  of  3/4  inch,  and  a  water-reducing 
admixture  were  used. 
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/  0 
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equanon  when  >  1.0 

Sphere  OD  (in.) 

□  32 


Wall  TbickJicss/OuBidc  Diameter,  t/D 


Figure  4.1  Design  chart  to  predict  implosion  of  thick -walled  spheres. 


A.l  THICK-WALLED  SPHERES 


The  design  approach  for  predicting  the  implosion  pressure  of  a 
thick-walled,  plain  concrete  sphere  subjected  to  a  uniform  external 
pressure  is  based  on  a  material  failure  criterion  (not  on  a  buckling 
failure),  viz.,  the  average  circumferential  ("hoop")  compressive  stress, 
in  the  sphere  wall  at  the  time  of  implosion  of  the  sphere.  The 
average  wall  stress  is  used  because,  at  or  near  failure,  the  inelastic 
behavior  of  concrete  causes  redistribution  of  stresses  across  the  wall 
thickness.  The  average  hoop  stress  in  the  wall  of  a  sphere  at  implosion 
due  to  external  pressure  can  be  expressed  as: 


a. 

im 


where: 


o. 

im 

P. 


im 

^/°o 


P. 

im 


=  average  wall  hoop  stress  at  implosion,  psi 
=  implosion  pressure,  psi 
=  wall  thickness  to  OD  ratio 


(4.1) 


Since  the  sphere  wall  is  in  a  state  of  multi-axial  compressive 
stress,  should  be  greater  than  the  uniaxial  compressive  strength, 
f^,  of  the  concrete.  This  was  confirmed  by  the  implosion  tests  as  shown 
in  Figure  4.1.  The  empirically  determined  difference  between  and  f^ 
is  defined  as  a  design  strength  factor,  k^,  for  spherical  structures. 


a. 

im 


k 


s 


f 

c 


(4.2) 


Figure  4.2  shows  k^  as  a  function  of  t/D^  ratio.  As  t/D^  increases, 

k  increases  exponentially.  This  is  understandable,  because  as  the  wall 
s 

becomes  thicker,  the  state  of  stress  in  the  wall  approaches  that  of 
equal  triaxial  compression.  At  the  limit,  when  b/D^  =  0.50,  which  is  a 
solid  sphere  of  concrete,  the  oultiaxial  state  of  stress  is  that  of 
equal  triaxial  compression,  and  k^  is  a  rather  large  number  (say  10  or 
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100;  it's  actual  value  in  unknown  but  it  is  not  infinity).  The  fitted 
curve  in  Figure  4.2  is  expressed  as: 


13.5  (t/D  ) 

k  =  1.22  +  0.014  e 


(4.3) 


To  predict  implosion  of  thick-walled  spheres,  the  design  equation  is 
obtained  by  substituting  Equation  4.2  into  Equation  4.1: 


(4.4) 


Equation  4.4  is  shown  in  Figure  4.1,  which  may  be  used  as  a  design  chart. 


Figure  4.2  Relationship  between  and  t/Djj  of  thick  ^walled  spheres. 
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During  early  work  on  thick-walled  spheres  (Ref  4) ,  cracks  appeared 
in  the  plane  of  the  wall  thickness.  This  cracking  was  detected  before 
implosion  and,  therefore,  was  considered  a  preliminary  failure  mode. 
Two  observations  were  the  basis  for  this  proposed  failure  mode.  First, 
strain  gages  mounted  on  the  interior  of  the  wall  recorded  continuously 
increasing  compressive  strains  until  at  some  pressure  the  strains 
started  to  decrease  in  magnitude  even  though  the  pressure  continued  to 
increase;  and,  second,  fragments  of  imploded  spheres  having  t/D^  ratios 
of  0.188  and  0.250  showed  distinct  in-plane  or  delamination  cracks.  In 
addition,  theoretical  calculations  showed  that  radial  strains  were  in 
tension  and  of  magnitudes  sufficient  to  cause  cracking.  Although  data 
were  quite  limited,  an  expression  was  developed  to  predict  the  pressure 
at  initiation  of  in-plane  cracking  using  Lame's  elastic  thick-wall 
theory  equation  for  calculating  stresses  on  the  interior  wall  modified 
by  a  strength  factor,  k^,  of  1.35.  The  expression  applied  only  to 
spheres  having  a  t/D^  greater  than  approximately  0.10. 

More  recent  work  (Ref  39  and  40)  began  to  raise  doubts  about  the 
in-plane  cracking  concept.  At  present,  an  explanation  of  the  earlier 
findings  is: 


a.  The  strain  gage  readings  reduced  in  magnitude  because  the  con¬ 
crete  surface  began  to  crush.  The  inside  concrete  surface  was  under 
biaxial  loading,  while  all  other  concrete  was  under  triaxial  loadings, 
so  this  surface  was  most  susceptible  to  crushing.  Also,  the  double 
curvature  of  the  inside  surface  assisted  in  physically  holding  the  con¬ 
crete  in  place  as  it  progressed  into  the  descending  portion  of  stress- 
strain  behavior  (crushing).  The  earlier  results  showed  that  the  strain 
gages  started  to  record  reduced  strains  at  the  stress  level  of  1.35  f'. 
The  stress  limit  for  prisms  under  pure  biaxial  loading  is  about  1.25  f^; 
hence,  the  inside  surface  of  the  concrete  sphere  had  likely  reached  its 
ultimate  limit. 

b.  The  in-plane  cracks,  probably,  did  not  develop  as  the  pressure 
loading  was  applied,  but  rather  as  the  load  was  removed  abruptly  by 
implosion.  Sphere  implosion  was  sudden;  the  shock  forces  at  failure 
combined  with  the  rapid  load  removal  caused  tensile  microcracks  to  join 
into  distinct  in-plane  cracks.  Tensile  strains  existed  in  the  radial 
direction,  and  the  direction  of  tensile  microcracks  would  have  been 
parallel  to  the  wall  surfaces,  or  in-plane  to  the  wall  surfaces. 


To  summarize,  in-plane  cracks  are  probably  not  a  preliminary 
failure  mode  for  thick-walled  spheres.  Rather,  the  past  expression  to 
predict  in-plane  cracks  could  be  considered  to  predict  the  pressure  at 
initiation  of  crushing  of  concrete  on  the  inside  surface.  Crushing  does 
not  mean  disintegrating  or  spalling,  only  that  the  descending  portion  of 
stress-strain  behavior  has  been  entered  for  the  biaxially  loaded 
concrete.  This  expression  is: 


P 


hi 


0.90  f 
c 


(4.5) 


where :  P.  , 

bi 


pressure  at  initiation  of  crushing  of  biaxially 
loaded  concrete  on  inside  surface  of  sphere,  psi 


Equation  4.5  is  shown  in  Figure  4.3. 


4 . 2  THIN-WALLED  SPHERES 

Since  data  were  not  available  on  thin-walled  spheres,  past  liter¬ 
ature  was  reviewed  for  a  conservative  expression  for  buckling  of 
spheres.  Buchert  (Ref  51)  applied  the  following  equation,  which  is 
adapted  herein: 


P. 

im 

where:  E 

c 

R 

n 

t 


'c  "(f)" 

concrete  modulus  of  elasticity,  psi 
mean  radius,  inch 
plasticity  reduction  factor 
wall  thickness,  inch 


(4.6) 


The  constant  in  Equation  4.6  is  151  of  the  constant  in  the  theo¬ 
retical  elastic  buckling  expression  for  spheres;  however,  it  is  well 
kno«n>  that  the  elastic  buckling  pressure  is  unobtainable  by  physical 
models.  The  reduced  constant  in  Equation  4.6  makes  the  expression 
practical . 
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For  simplicity,  it  was  assumed  that  the  plasticity  reduction  factor 
was  the  minimum  obtained  for  thin-walled  cylinders,  n  =  0-^0-  As  t/D^ 
ratios  become  smaller,  spheres  exhibit  less  inelastic  behavior,  so  r) 
should  increase;  however  the  sphere's  sensitivity  to  out-of-roundness 
will  increase.  Hence,  a  conservative  approach  is  to  use  a  consistent  n 
of  0.40.  (Note  that  this  is  a  significant  reduction  in  the  value  of  the 
plasticity  factor  (n  =  0.70)  recommended  in  the  first  edition  of  this 
handbook  and,  therefore,  will  lead  to  a  more  conservative  design.) 

Also,  in  a  manner  similar  to  that  used  for  the  thin-walled  cylin¬ 
ders,  the  empirical  expression  for  concrete  modulus  of  elasticity, 
=  530  f^,  and  the  approximation  of  R  =  Djj/2  are  introduced.  The 
design  equation  to  predict  implosion  for  thin-walled  spheres  thus 
becomes : 


where:  --  <  0.033,  and  6,000  <  <  10,000  psi 


(4.7) 


o 

Figure  4.4,  which  shows  the  curve  for  Equation  4.7,  may  be  used  as 
a  design  chart. 


4.3  DESIGN  EXAMPLE,  SPHERICAL  STRUCTURE 

A  100-foot  OD  spherical  structure  is  required  for  temporary  manned 
occupation  at  the  2,000-foot  depth  in  the  ocean.  Installation  pro¬ 
cedures  require  that  the  structure  have  a  positive  buoyancy  of  about 
300  tons. 

The  following  design  procedure  will  determine  the  concrete  com¬ 
pressive  strength  and  sphere  wall  thickness  to  meet  the  above 
requirements.  The  reader  is  cautioned,  however,  that  the  buoyancy 
problem  is  quite  complicated  due  to  water  absorption  of  the  concrete. 
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Figure  4.4  Implosion  of  thin-walled  and  thick-walled  spheres.  Experimental  data  is  not 
available  for  spheres  with  a  t/D^c  0.062. 


voluae  change  of  the  sphere  under  load,  density  changes  of  the  concrete, 
and  other  factors.  This  exasQile  will,  siaplistically,  assuce  a  constant 
300- ton  buoyancy. 

The  first  step  is  to  determine  the  wall  thickness  that  provides  the 
proper  buoyancy  for  the  sphere.  Assume  that  seawater  weighs  6A  Ib/ft^ 
and  concrete  155  Ib/ft^. 

(displaced  volume)  -  (weight  of  sphere)  = 

(64  pcf)-^  (100)^  -  (155  pcf)  ^  1^(100)^  - 

Solving  for  yields: 

=  84.06  ft  (inside  diameter) 


300  tons 


600,000  lb 
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Therefore,  t 


(100-84.08)-  =  7.96  ft  (wall  thickness) 


and 


=  0.08 


The  second  step  is  to  determine  the  uniaxial  coaipressive  strength 

of  the  concrete,  f^,  to  give  the  structure  an  operational  depth  of 

2,000  feet.  The  operational  pressure,  P  ,  is: 

op 

=  2,000  ft  (0.445  psi/ft)  =  890  psi 

The  implosion  pressure  is: 


P. 

im 


(P)  (F.S.) 
op 


where:  F.S.  =  factor  of  safety 


Use  a  F.S.  of  3.0  for  a  teaiporarily  manned  structure. 


P.  =  (890)  (3.0)  =  2,670  psi 

XD 


Use  Equation  4.3  to  determine  k  and  Equation  4.4  to  determine  f '  : 

s  c 


13.5  (t/D  ) 

k  =  1.22  +  0.014e  ®  =  1.27 


f  ’ 
c 


f 

c 


2,670 


(1.27)  1  -  (1  -  2  •  0.08)" 


7, 140  psi 


which  is  che  coaqiressive  strength  required  at  the  age  when  the  structure 
experiences  hydrostatic  load. 
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CHAPTER  5. 


SUMMARy 


Test  results  from  laboratory  and  'ocean  investigations  conducted  at 
NCEL  over  the  past  two  decades  have  been  condensed  into  design  guides 
for  undersea,  pressure-resistant  concrete  structures.  These  guides  are 
principally  for  designing  cylindrical  and  spherical  concrete  structures 
to  resist  the  externally  applied  pressures  of  hydrostatic  loads  and  thus 
be  safe  from  implosion  failure.  Thin-walled  and  thick-walled  structures 
are  considered. 

For  predicting  implosion  pressures  of  thick-walled  cylinders,  an 
empirical  expression.  Equation  3.3,  is  presented.  For  thin-walled 
cylinders,  the  cases  of  moderately  long,  and  long  cylinders  are  treated 
separately.  Buckling  expressions  by  Donnell  for  moderately  long  cylin¬ 
ders  and  by  Bresse  for  long  cylinders  are  simplified  by  incorporating 
experimentally  verified  numerical  values  for  the  modulus  of  elasticity 
and  Poisson's  ratio  of  high  strength  concrete  to  obtain  the  design 
Equations  3.6  and  3.7.  These  expressions  are  then  modified  by  an 
empirically  determined  plasticity  reduction  factor.  The  plasticity 
reduction  factor  is  presented  as  a  functjon  of  the  stress  level  in 
the  cylinder  wall  at  implosion.  Equation  3.9.  A  combined  design 
guide  for  thick-walled,  moderately  long,  and  long  cylinders  is  presented 
in  a  chart  format  in  Figure  3.5. 

Implosion  pressures  for  thick-walled  spheres  can  be  predicted  by 
Equation  4.4,  which  is  an  expression  based  on  the  average  circumfer¬ 
ential  compressive  stress  in  the  concrete  sphere  wall  at  the  time  of 
failure  by  implosion.  The  wall  stress  is  related  to  the  uniaxial  com¬ 
pressive  strength  of  concrete  by  an  empirically  derived  factor.  For 
thin-walled  spheres,  a  conservative  buckling  expression.  Equation  4.7, 
can  be  used. 

Conservatism  has  been  used  in  developing  these  design  guides 
because  the  technology  for  submerged  concrete  structures  is  relatively 
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undeveloped.  Many  concrete  technology  topics  remain  to  be  investigated, 
and,  for  that  matter,  not  all  the  information  presented  herein  has  been 
completely  validated.  When  judgments  were  made  in  developing  these 
design  guides,  engineering  knowledge,  past  experience  with  concrete 
used  on  land  and  with  steel  structures  under  hydrostatic  pressure,  were 
conservatively  applied.  With  future  research  and  field  experience  it 
is  expected  that  these  guidelines  will  be  improved. 
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CHAPTER  8.  NOMENCLATURE 


s 

L 


P. 

1 

P 


op 

^Pl 

P 

s 

R 


R. 

1 


o 

F.S. 


t 

Z 

P 

A 


Inside  diameter  (ft  or  in.) 

Outside  diameter  (ft  or  in.) 

Diameter  deviation  (ft  or  in.) 

Wall  thickness  deviation  (ft  or  in.) 

Modulus  of  elasticity  of  concrete  (psi) 

Uniaxial  compressive  strength  of  concrete  (psi) 

Strength  increase  factor  in  hoop  direction  for  cylinders 
Strength  increase  factor  for  spheres 
Uninterrupted  length  of  cylinder  (ft  or  in.) 

Hydrostatic  pressure  (psi) 

Pressure  at  initiation  of  crushing  on  inside  wall  of  sphere  (psi) 
Iioplosion  pressure  (psi) 

Operational  pressure  (psi) 

Initiation  of  in-plane  cracking  pressure  (psi) 

Sustained  pressure  (psi) 

Mean  radius  (ft  or  in.) 

Inside  radius  of  cylinder  (ft  or  in.) 

Outside  radius  of  cylinder  (ft  or  in.) 

Factor  of  Safety 

Wall  thickness  (ft  or  in.) 

Curvature  parameter 
End  condition  factor 
Long-term  loading  factor 
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Y£  Partial  load  factor 

V  Partial  material  factor  for  concrete 
me 

n  Plasticity  reduction  factor 
0  Length-to-diameter  factor 
u  Poisson's  ratio 

Average  stress  in  hoop  direction  of  cylinder  or  sphere  wall  at 
implosion  (psi) 

o  Stress  in  concrete  (psi) 


